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NUCLEAR POWER INSTALLATION AND MAIN LINES OF SCIENTIFIC AND TECHNICAL PROGRESS

M. Drahny and J. Svetlik* UDC 621.039.003.2

A national nuclear power installation (NPI) is a complex entity of an interindustry
nature, which incorporates, inaddition to nuclear power engineering itself, an array of
facilities which ensure and directly affect the development and operation of nuclear power.

The structure ofvthe nuclear power installation has the following subsystems [1].

1. Atomic power, plant subsystem (APPS)-— a set of nuclear power plants and nuclear
facilities that is a component part of the electric power system (EPS) and of systems of
centralized heat supply (SCHS).

2. Nuclear fuel subsystem (NFS) — a set of units for extraction, processing, and en-
richment of nuclear fuel, production of fuel elements, processing of these elements after
irradiation, and transportation and storage of radioactive waste, The APPS and NFS are inti-
mately linked and comprise the nuclear power engineering system (NPES) [2].

3. Nuclear power machinery subsystem (NPMS), incorporating the metallurgical, machine-
building, and instrument-manufacture base of nuclear power.

4. Nuclear power construction subsystem (NPCS), incorporating facilities for con-
struction of APPS and NFS.

5. A management system for ensuring proportional development and operation of NPI as
a whole and coordinating its internal and external and interbranch and international link-
ages. It is intended for the development of nuclear power policy as a component of the en-
ergy, technological, and economic policy of a country, including international relations;
for internal control of nuclear materials, nuclear safety, and protection of the environment
and for creating rules for legal norms and information in the nuclear power field.,-

Figure 1 shows the system of material linkages of NPI, while Fig. 2 shows the system
of information linkages. '

Integrated Nuclear Power Installation

The nuclear power installation of a given country can be regarded as a subsystem of
the integrated nuclear power installation (INPI) of the COMECON countries [3], International
cooperation, division of labor, specialization, joint construction or collaboration in cap-
ital investment within the framework of INPI facilitates effective solution of problems
whose solution by one country would be difficult or impossible.

The aim of the INPI is to provide the COMECON member with power from nuclear resources
(disregarding export to third countries). The material linkages -are complex and interde-
pendent in this case. Therefore, it is necessary to coordinate them effectively so as to
manage the entire system with a view to long-term and short-term predictions,

The tasks of the nuclear power installation in the production and eocnomic sphere
can be divided into two groups: material (technological) and socio-economic.

The first group includes construction and operation of nuclear power facilities, nu-
clear machinery and nuclear construction facilities (plants); construction, production, and
delivery, including assembly; and import and export of nuclear power equipment, as well as
construction of research facilities, laboratories, and experimental test sites,

The second group encompasses managerial activity, aimed primarily at the fulfillment
of economic plans, and also bilaterial and multilateral collaboration. Multilateral collab-—
oration in the production and economic sphere within the framework of .COMECON is based on

long-term programs and plans for the individiual agencies of COMECON — the Committee on

~*Deceased.

Czechdslovak Commission on Atomic Energy. Translated from Atomnaya énergiya, Vol. 49,

No. 2, pp. 75-78, August, 1980, Original article submitted November 27, 1978; revision sub-
mitted November 12, 1979.
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Fig. 1. Extérnal material linkages of NPI.
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Fig. 2. External information linkages
of NPI (using the Czechoslovak NPI as an
example).

Collaboration in Planning, the Committee on Scientific and.Teéhni'calv Collaboratioh, the
Permanent Commission on the Peaceful Use of Atomic Energy, the Permanent Commission on Elec~
tric Power, the Permanent Commission on Machine Building, and others. International agencies

(Interatomenergo, Interatominstrument) have been created in some branches of 1ndustry for
industrial and economic collaboration. '

The problems of NPI in the fields of science and engineering include the conducting of

research and preparation of design data for use in the production and economic sphere,
specifically:

— basic data for the development of long—term and ordlnary plantS'

- data for design, constructlon, and operation of nuclear power facilities;

— information for construction of metallurgical, machine-building, and construction

of metallurgical, machine-building, and constructlon capabilities, and also experimental
and research installations.
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Fig. 3. Division of system of MLR into problems and tasks.

It is best to generate the spectrum of research topics by constructing a system of

major lines of research (MLR). This system makes it possible to create and assure the fol-
lowing: :

— coordination with respect to activities and time of scientific problemé with problems
with problems in the production and economic sector;

— similar coordination among scientific and technical problems on the national and
international levels; ' '

— the entire array of problems which must be solved in accordance with their degree
of urgency or priority (elimination of so-called blank spots or "holes");

— coordinated use of all available capabilities, intéraction among all concerned
parties, and elimination of undesirable duplication;

- monitbring and evaluation of progress;
— effective utilization of achieved results.

It is best to divide the system of MLR into subsystems and hierarchical levels of NPI
and into certain functional structures corresponding to the following specific areas (Fig.
3): @general problems; technology; economics; development of control systems; nuclear safety;
environmental protection; personnel; other problems. Of course, this division is not def-
initive, and can be supplemented or normalized as needed for appropriate control or orienta-
tion. It is necessary to point out that not all MLR have the same Aimportance or scale,

With regard to problems of nuclear power installations and their subsystems, the aim
of the main research lines is to develop a project for the program of development and opera-
tion of NPI. The project is the basis for the preparation of the five~year development plan
for NPI in the production and economic sphere and in science and engineering, and also for
preparation of a program of collaboration among COMECON member nations in the area of NPI for
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for the development of a five-year plan for the agencies of COMECON and international eco-
nomic entities.

This concerns primarily the development of predictions and structural and optimization
solutions for the developmemt and operation of NPI, on the basis of the requirements of EPS
and SCHs for power and energy production through nuclear sources. Naturally, these require-
ments are keyed to the capabilities of the national economies of the individual countries
and to the capabilities and requirements of international collaboration, with appropriate
observance of the conditions and restrictions on the part of the environment (territory,
effluent water, transport, personnel, demographics, etc.).

The input information and data for free processing within the framework of the MLR
can be obtained from the production and economic sphere of NPI, and also through solution of
other specific problems, e.g., the part played by particular types of power reactors, eco-
nomic impact and mathematical modeling, control systems (including ACS), systems issues of
nuclear safety and protection of the environment, personnel problems, the expansion of the
research and development base, etc.

Tne specific problems of MLR also include (to the appropriate extent in all subsystems),
e.g., probiems of choosing technical and economic parameters ana operating figures for equip-
ment fornuclear power plants which reactors of given types, problems of economics control
systems, nuclear safety, protection of the environment, and personnel for power-generating
and other nuclear installations. ' : !

Conclusions

Nuclear power installations in both their national and COMECON-integrated forms al-
ready exist and will develop rapidly in conformity with the energy requirements for the
COMECON member-nations. The process of development and operation of the nuclear power in-
stallation is complex and intractable. It requires heretofore unimagined expenditures of
material and intellectual effort and resources, and yet the capabilities for increasing
these is limited. The problem is to better utilize them and to manage all processes with
maximum efficiency. This requires that scientifically well-grounded and comprehensive data
be systematically developed and made available.

In this paper we have stressed the general (systems) concept of an aggregate nuclear-
power economy. The systems and organizational approach that we have described, however,
makes it possible to take account of specific features and interrelationships by means of
functional structures that can be defined where needed, The concept of nuclear power instal-
lation, with its subsystems, hierarchical levels, and functional structures, is sometimes
regarded as inconsistent with the concept of so-called programmed-goal structures, whose
effectiveness has been confirmed by practice.

A nuclear power installation is ''all-encompassing,' incorporating both the production
and economic and the scientific and technical spheres, and, by means of the MLR system, it
can be treated as a systems entity. Programmed-goal structures include only problems that
must be solved to attain a certain goal. A nuclear power installation is "unique" but it
passes through various phases of development. Programmed-goal structures are of a one-shot
nature; there can be many of them (e.g., development of the VVER-1000 reactor,. creation of
atomic thermal power centers, the breeder reactor development program, creation of a train-
ing center for nuclear power plant personnel), and they differ quantitatively and qualita-
tively.

As a result of its complexity and large resource consumption, a nuclear power 1nstalla—
tion is inflexible and slow to respond. Programmed-goal structures do not contain "excesses"
and lead to the goal in the shortest possible way. However, the simplest approach (i.e.,
programmed-goal structure) can be found only if there is a clear conception of the linkages
and structure of the entire nuclear-power installation. Pregrammed-goal structures can be
defined as some functional structure of NPI which makes it possible to evaluate how realistic
the goal is, its interrelationship with other programmed-goal structures, and also to intro-
duce order, preference, and proportionality.

Specific activity is carried out and local effects attained within the framework of
programmed-goal structures. Within the framework of a nuclear power installation, the cap-
ability is created for implementing individual programmed-goal structures. Nuclear power
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installations and programmed-gdal structures are not mutually exclusive alternatives; they
complement one another and form a coexisting unity,
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SENSITIVITY OF CHARACTERISTICS OF HYBRID REACTOR TO SPECTRA
OF SECONDARY NEUTRONS

D. V. Markovskii and G. E. Shatalov UDC 621.039.51:539.125.52

The study of the relation between the errors of nuclear data and the results of calcu-
lations of the neutron-physical characteristics of various models is of considerable inter—
est from the point of view of estimating the indeterminacy of the parameters of systems being
designed and the strategy of nuclear data refinement. This problem was. worked on intensively
for fast reactors [1-3].

In order to estimate the error due to the nuclear data it is necessary to have the
coefficients of the sensitivity of the functionals under consideration to the varied data
as well as the matrix of the errors of those data. Information about the errors comes into
being at the stage of estimation of the nuclear data. In order to obtain the sensitivity
coefficients special calculations must be performed with a view to determining the types of
systems, materials, and data.

The greatest error of neutron data in reactor blanket calculations correspond to the
range 0.1-15 MeV, which has been investigated less than has the low-energy range so impor-
tant for fission reactors. Not only a detailed description of the cross sections but also
data on the scattering anisotropy, spectra, and yields of secondary neutrons from inelastic
processes are essential here. In sensitivity calculations all of these parameters can, in
principle, vary. The largest number of papers has been devoted to the study of sensitivity
to cross sections [4~6].

The sensitivity to the spectra of secondary neutrons for the model of a "pure" thermo-
nuclear reactor (without fissionable material) was considered in [6-8]. In the present paper
we study the sensitivity of the fission rate, the fission source, and the tritium yield in
the blanket of a hybrid reactor to the perturbations of the spectra of secondary neutrons
from the reactions *°°U(n, 2n), *®°U(n, 3n), and Fe(n, 2n) as well as the spectra of inelas-
tically scattered neutrons with excitation of a continuum of levels of 23®U(n, n') cont and
Fe(n, n') cont. In the calculations we used estimated neutron data from the ENDL library
(9] in the range 0.1-14.1 MeV and a 2l-group system of constants |10] below 0.1 MeV,

Method of Calculation

Neutron Transport Equation. The space—energy distribution of the neutron flux in the
problem with an external source satisfies the equation '

) (1)
¥ (2) = H{ (z) + S (2),

where A is the transport operator; y(x), neutron flux at the phase coordinate x = (r, E);

and S(x), flux of unscattered neutrons from the external source. Writing the solution as a

series expansion in the generations of neutrons -

Translated from Atomnaya ﬁnergiya, Vol. 49, No. 2, pp. 79-83, August, 1980. Original
article submitted June 4, 1979,
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P (@)= i (2) . (@
1 .

and writing H as the sum of the operators f ‘(describing the neutron transport) and f (de-

scribing the source of fission neutrons), we get

PE =@+ @), | (3)

where

(4)

Py (7) = };1'71 (x)+S (x), (s)

P; (2) = fupi (z)+ flpH (), i>1.

Equation (5) for fission neutrons can be solved quite exactly by the method of spherical har-
monics in the P, approximation with 2l-group constants [10]. In order to find the neutron
flux ¢, from an external source in the high-energy range it is necessary to employ more

exact approximations. In the present paper we use the Monte Carlo method with a detailed
system of constants at high energies and the P, approximation below some limiting energy
(E1ig = 0.1 MeV). Then

Py (@) = P (7) 97 (@)

P (@) =R (2) + S (2);
P (@) =Rt (@) + Ry (@),
where h, and h, are operators describing the neutron transport in the energy intervals (l4.1
MeV, Ejip) and (Elim’ E¢) and h,. specifies the source of neutrons slowed down below and
energy of Ejj.. '

For convenience we write

¢ (2) =¥ (2);
@ @) =42+ i @),

and recast Eq. (1) in.the form

. , (6)
0y (2) =Ry (2) + S (2);

0, () = oy () -+ F10y (2) + Foa (2) + Riopy (@), | -

where the neutron fluxes ¢ .(x) and ¢.(x) can be calculated in various approximations by us-
ing different libararies of nuclear data.

To find ¢. in the energy range above Eji, we solved the exact equation -of neutron
transport by the Monte Carlo method. The constants for this energy range were prepared with
the .aid of the NEDAM program .[11] from constants contained in the files of estimated data.
Nuclei of scattering on elements are continuous functions of the scattering angle and the
neutron energy before and after scattering while the probabilities of the processes are
piecewise-continuous with respect to neutron energy up to collision. The neutron flux com-
ponent @, in Eq. (7) was found from the solution of the transport equation by the method of
spherical harmonics in the P, approximation.

"Calculation of the Sensitivity Coefficients. The neutron~-physical characteristics of
the model under study are usually linear functionals of the type of the reaction rates which,
for integrals or sums over the entire phase space, can be written in the form of a scalar
product R(Ig,9). The relative change in R corresponding to the relative change in some nu-
clear data gy, B

Sr.1=(0;/R) (8R/60;),

is called the sensitivity of R to the data o04.
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TABLE 1., Composition of Blanket

!Zone o2
B o |thick- Nuclear concns, 10°%:
. 2 [ness, - L . . . .
2 3 om - 61i LI ¢ 8] e Y
1 {200 - — —_ — -
21 0.6 — — — — 00848 —
B 31 1] e | 0,0077 .
41 20 — — 0,0163 = 0,0072 | 0,0163
9 1,3 — — - - 10,0182 —
6| 15 [0,018810,0188] -— |0,0141[0,0168 —
7 0,7 — - — — 10,0121 -
81 35 — — o042 — — —
91 0,4 — — — fo,0212] — —
101 10 10,M063 ] 00165 - [0,04230,0165 -—
11 0,8 - - - 0,0106 -

TABLE 2. Principal Functionals of Model

[&]
80 |ux
20 |A & |8 g|E
s QO Q
P I R - - B )
{3 |2 o |9 g|20
a MeV : s =gl 8 |28l
™ | g | 2 g R g =

¢ {0, 1=14,1] 0,267 |0,002(1,296[0, 761[0,014]0,325(0, 276
Py 0—10.5 — | — [|0.369]2,33 [0,011]0, 1381, 122
by | 014,41 0,267 [0,002[1,665(3,001[0,025(0, 463[1 398

The value of SR was calculated by the correlated sampling method [121

The calcu-

lations of the initial and perturbed systems were carried out according to one and the same
set of neutron trajectories while the change in the properties of the scattering nucleus in

the perturbed system was taken into account by introducing a weight.

The operator ﬁl In Eq. (6) is of the form

fi- j K (z', z)dz’;
=C(E,E, )T (,r E),

where C describes the change in the energy, angle, and number of particles during collisions

and T describes the displacement of neutrons between collisions.

The solution of Eq, (6) can be written in the form of a Neumann series in collisions:

1 = ;.1 (P1 (x)
of(0) = | =1 @) K (2, ') da’ =

={ .. [S@) K@ a)... K (@2 do... de,,.

The solution for the perturbed system is of the form

= 5 SS(xi)K’(.ri, z) ...

. K’ (.’I.Ti_i, JC) ({1:1 ce dlfi_i.
Introducing the weight of the i-th collision '

0 =K' (2,4, 2)/K (24, T3),

we can represent the perturbed flux by

(8)
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(] E g . S' S () o Kz, ) ...

; 9

0 K (Zyoy, B dry L driy. ©)
Comparison of Eqs, (8) and (9) reveals that the estimate ¢,' can be made on the same series
of trajectories as ¢, but at each collision the estimator should be multiplied by

i1
W= ” my.
h=1 - .
Since the estimates ¢, and ¢} in this case are highly correlated, the error in the calcula-
tion of the deviation SR, of the functional may be appreciably smaller than the statistical
error of R,.

Along with an estimate 6R we can find the perturbation of the source, which is used to
calculate ¢ 2

A ’(fi + i"iz) [y (2) — ¢y (2)].
The variation of R can finally be written as

612 — 6(2,(, (l)) e (62”“ ([)1)7;.(2““ 6(|)1),+
4-(82p,, Pg) -1+ (Z11,, Otpy).
The first and second terms of this equation are determined in the correlation calculation,

the third is zero, and the last is calculated in the P, approximation with the source pertur-
bation (SS;z.

Inclusion of Perturbations. The calculations were carried out according to a modified
BLANK program [13] which realizes the above methods of solving the neutron transport equa-
tion and correlated estimation., The constants for calculations in the range 0.1-14,1 MeV
were prepared according to the NEDAM program [11] from the estimated data files of the ENDL
library., In the working constants we used library spectra of secondary neutrons, converted
to the argument x = E/E{ and referred to ranges bounded by neighboring values E!, where E!
are discrete values of the initial energy. The perturbed neutron spectrum p'{(x) was ob-
tained by compressing the initial spectrum p(x) according to the relation

, cp (cx), x<lale
re={o " e

where a is the upper limit of the initial spectrum and ¢ is the compression coefficieq&.
This approach makes it possible to deform the distribution of any form. In this case X' =
(1/c) X or, for a spectrum of temperature T, we have T' = (1/c) T and the relative change in
the data, i.e., the "hardness" of the spectrum is

oz _ o1 1—-c¢

E B

In all the calculations we set ¢ = 1,2, which corresponds to a "softening'" of the spectrum.
To study the dependence of the sensitivity on the neutron energy up to collision the weight
of the neutrons was varied only in the range from the given threshold E'min to 14.1 MeV,
The sensitivity S(E'. ) to such a change in the spectra will henceforth be described as

integrated. The diFterential sensitivity s(E') is related to the integrated sensitivity by
s (B")= — 08 (Emin /0L min

Results of Calculations

For our calculations we chose the variant of hybrid blanket [14] in which the 23°U
carbide is used as fissionable material and lithium oxide is employed to produce tritium
(Table 1). 1In the working system of constants for Monte Carlo calculations the range 0.1-
14.1 MeV was divided into 18 groups for the probability of processes and 8 groups in the de-
scription of the anisotropy of elastic scattering. The secondary neutron spectra of each
reaction were described by assigning 36 equiprobable values of the secondary energy for each
range of primary energies indicated in the estimated data files.
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Fig. 1. Differential sensitivity to
neutron spectra of reactions: a)
23%(n, 2n), b) *°%*U(n, n') cont, c¢)

Fe(n, n') cont,
g0z} ‘
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All of the calculations were carried out for 10,000 histories. The principal func-
tionals of the unperturbed model with normalization to one source neutron in the plasma are
given in Table 2. The integrated sensitivity coefficients for the fission rate ng, the
fission neutron source Qgf, and the tritium yield kr are given in Tables 3 and 4 as a func-
tion of E'. . The statistical errors of the functionals and the deviations of their corre-
lated values were estimated directly during calculations by the Monte Carlo method and
amounted to 1% for and, depending on the effect, from 10 to 607% for the deviations.

As follows from Tables 3 and 4 the greatest influence on the principal functionals of
the hybrid reactor is ‘exerted by the spectra of secondary neutrons from the reactions *°*°®U(n,
2n), 2°®U(n, n') cont, and Fe(n, n') cont, for which the contribution to the rate of fission
in ?2®U may be considerable. The total sensitivity with respect to these reactions is 0.22
for the fission rate, 0.19 for the source, and.0.13 for the tritium yield, with a spread of
15-20% in the mean energy of the secondary neutron electrons in various estimated data files
[8] this corresponds to an indeterminacy of 3-4.5% for the fission rate and the source and
2-2.5% for the tritium yield. The sensitivity of the functional to the spectra of the re-
actions 2°°U(n, 3n) and Fe(n, 2n) is substantially lower because of.the smaller cross sec-
tions for these reactions and lower secondary neutron energy.

Figure 1 gives the curves of the differential sensitivity to the spectra of the re-
actions **°U(n, 2n), **®U(n, n') cont, and Fe(n, n') cont in the range from the threshold to

14.0 MeV, obtained by differentiating smooth curves drawn according to the data of Tables
3 and 4.

The differential sensitivity of the fission rate and the source to the neutron spec-
trum of the reaction ??°U(n, 2n) rises sharply above 11 MeV, which' corresponds to the shape
of the neutron spectrum in the uranium zone, shown in Fig. 2. As follows from Table 3,
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TABLE 3. Integrated Sensitivities to ?*°U Spectra

28U (n, 2n) I 2380 (n,. n’) cont 2380 (m,

Param-~ E'mine MeV o
eter | & | 8 | 14

e

6 | 10 | o2 | o o} ] ] ]

0,1008 0,108("0,1028 0,006210,0817(0,0581|0,0578 | 0,0438 [0,0148 | 0,422 0,0073 0,00661 0,0118
1(17!; 0,092 ().(\‘.)1(; 0,087 10,0816]0,0694 | 0,0458 | 0,0457| 0,039 10,0142 10,0121 0,008?) 0,007.9 0,0?)?}4
Fp 0,051 ();()-’1“35‘0,()4(]4 0,0361 10,0311 0,0142 ] 0,0155 | 0,00523 [ 0,00376 | 0,00176 [ ~0,00524 | —0,0069 | 0,0258

TABLE 4., Integrated Sensitivities to Fe
Spectra

I"e (1, n’) cont

Param- _ E'rmin MeV
eter N TR Y 14

Fe (i, 2n)

ny 0,0504 10,0413 10,021710,0162 [ 0,0174 [ 0,00162
Qy 0,0474 10,0408 | 0,0255 10,0209 10,0205 | 0,00103
ke 0,0558 10,0438 0,0251 | 0,021 |0,0145| 0,0127

Fig. 2. Spectra of neutrons in blanket:
- - =) first wally ) uranium zone.

107!

T T T 77777

v

1

1 "
z 4 b 8 0 12 E, MeV

QYT

neutrons with an energy above 14 MeV account for 75% of the integrated sensitivity of the
fission rate and ~60% of the sensitivity of the tritium yield.

‘ Neutrons from inelastic scattering with excitation of a continuum of levels in 22°U
make the greatest contribution to the functionals at an energy in the range 2-6 MeV prior
to collision while only 15-207% of the contribution corresponds to an energy above 14 MeV.
This is in accord with the position of the maximum of the cross section of the reaction and
the increase in the neutron flux at an enérgy below 6 MeV (see Fig. 2).

Approximately one-third of the sensitivity to the spectra of neutrons from the reaction
Fe(n, n') cont is accounted for by the interaction between source neutrons with an energy of
14.1 MeV and the first wall. At a lower energy the sensitivity increases with a decrease
in the energy, judging by the spectrum of neutrons in the uranium zone.

Conclusion. 1In cases when the neutron transport equation is solved by the Monte Carlo
method, the application of the correlation sampling technique to the calculation of the
sensitivity coefficients makes it possible by means of a straightforward change in the algor-
ithm to attain an accuracy of calculation of differential effects that is sufficient for
estimations. This method is most convenient when the difference in the kernels of the inte-
gral equations corresponding to the ground-state and perturbed problem can be taken into ac-
count by introducing a weight function and the region of definition of the kernels. This
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corresponds to the cases of perturbatlon of "the secondary neutrons, their spectra, or absorp-
tion cross section,

The calculated sensitivity coefficients show that in a hybrid reactor the greatest
influence on the principal functionals is exerted by the secondary neutron spectra of the
reactions *°®*U(n, 2n), *°°U(n, n') cont, and Fe(n, n') cont, for which the contribution to
the fission rate in 23?°U and, therefore, in neutron multlpllcation per source neutron, may
be considerable. The indeterminacy of the functionals, owing to the 15-20% inaccuracy of
the spectra, is estimated for the hybrid reactor model studied to be 3-4.5% for the fission
rate and 2-2,5% for the tritium yield.
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CHARACTERISTICS OF FLOW RATE-LIMITING INSERTS IN MODELING
EMERGENCY L0OSS OF INTEGRITY OF A REACTOR LOOP

L. K. Tikhonenko, E. K. Karasev, . "~ UDC 621.039.587
S. 2. Lutovinov, B. A. Gabarev,
and E, I. Trubkin

The problem of limiting the flow of heat-transfer agent under conditions of emergency
loss of integrity is an extremely pressing one. The patent literature proposes several so-
lutions for this problem [l, 2]. As a rule, these solutions involve either safety devices
which automatically seal .off a section of piping at the instant that emergency loss of inte-
grity occurs, or Venturi-type nozzles that do not seal off but only restrict the flow of
heat-transfer agent. The latter are more promising from the standpoint of realiability,
since they do not contain moving parts. At the same time, it should always be borne in mind
that, under rated operating conditiomns, such nozzles are "parasitic" resistances, and there-
fore in choosing the geometry of the flow part of the nozzle it is necessary not only to en-
sure efficient limiting the flowrate of heat-transfer agent under emergency conditions,  but
also to guarantee low hydraulic resistance under normal operating conditions. :

The design of limiting nozzles requires appropriate data on the flow of heat-transfer
agent under emergency and normal reactor operating conditions. The large number of factors
that determine the flow in these cases makes theoretical investigation difficult, so that
such investigations have chiefly employed approximate models [3, 4]: equilibrium homogenous
flow; flow with phase slippage; flow of a metastable fluid, and so forth. Such models are
in agreement with experiments only in narrow parameter ranges. The available information on
experimental studies (see Table 1) indicates that the ranges of operating and geometrical
parameters have been studied are diverse. None of the studies mentioned in the table offers
a systematic account of the relationship between the critical flowrate and the geometrical
parameters. Paper [6] is something of an exception; this paper considered a nozzle with a
cylindrical section 120 mm in diameter and a minimum cross-sectional diameter of 19,0 mm.
This study was conducted, however, only for saturated water (Atpe = 0). At the same time,
for channel reactors of type RBNK the parameter range of practical interest is Aty = 0-30°C,
po = 0.1-9 MPa and dy ;%150 mm. As Table 1 indicates, this range has hardly been studied
at all, Extrapolation of the available empirical data to this region is evidently not legit-
imate.

In this paper we offer some experimental results relating to the critical flowrate char-
acteristics of Venturi-type nozzles as a function of geometrical factors (diameter and length
of the cylindrical throat of the nozzle, aperture angle of conical diffuser) and of the op-
erating parameters (pressure and underheating of water at nozzle inlet). The experiments
were conducted using axisymmetric nozzles consisting of three elements: a narrowing input
section with rounding in the form of a quarter-arc of a circumference (R = 30 mm), a cylin-
drical section (d¢h = 10-30 mm, lyp = 0-160 mm, and an expanding diffuser a = 3°, 6° and
180°). The nozzle geometry is given in Fig. 1 and Table 2. Experiments were conducted under
conditions of steady-state outflow for po = 0.1-9 MPa and Atpg = 0-100°C. The measurement
error did not exceed *2% for the pressure, *1.4°C for the temperature, and +47% for the mass
flow rate. The experimental setup and procedure were borrowed from [11].

i .

The measurement results indicate that po and Atpo exert a substantial influence on the
critical mass velocity, referred to the minimum cross section of the flow part of the nozzle.
It follows from Figs.. 2 and 3 that the critical mass velocity increases with po and Atp,.

It should be pointed out that the results corresponding to Atp, = 0, were obtained by inter-
polation of the graphs plotted in (pw) ., — (Ai/1) o coordinates. In the case under considera-
tion, this step results from the technical difficulties associated with obtaining exact val-
ues of the saturation parameters at the inlet to the nozzle.

Translated from Atomnaya énergiya, Vol. 49, No.'Z,‘pp. 83-86, August, 1980. Original
article submitted October 22, 1979.
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TABLE 1. Data of Experimental Studies

sos - Throat Diffuser
Initial parameters Iniet section _ % g
, PR =i
po.bar Alpgs °C profile g, mm dep, mm | fhe mim profile Fop It R
6 56 Lemniscate 40 3 1 Cope 3 70 1245 15]
20—100 0 Arc with  p . 10 3,84 18 Cone 3o 3.8 3]
=40 mm . .
Cone with R = 114 19,0 65—120 [Cone 3—¢° 2,17—2,50
=180mm ‘
8—90 0—-140  [Cone — 6,4 0 Cone 40 21,6—40,9 [7]
520 1—70  {Cone 103 10,0 0 Cone  3,6° | }2,0 18]
: 93 5,0 7 3,9° 3,9
1,120 0--10 Plane nozzle 7 Cone 19}
520 0—60 The same [10]
|

TABLE 2. Geometry of Nozzles Investigated

. Inlet section Throat Diffuser

—

N dth lth Ldif d

QO M the ’ @, 11 i}

ZZ, | nmmy 'in'mn}'mm mm | deg mm n(i?n .
1 30 30,56 20,04 O G 180,3 | 38,95
2 30 30,0 20,041 41.3] 6 180,3 38,90
3 30 30,5 20,04 81,11 6 180,383 | 38,90
4 30 30,5 20,04 [160,7] ¢ 180,3 | 38,95
5 30 | 30,56 |20,04[161,3| Witheut diffuser
6 30 30,5 [20,04[160,7] 3 180,4 | 29,45
7 30 29,0 130,0 |165,5] 6°35 90 40,4
8 30 31,03 119,98 26,0| 5%42 | 193 38,85
) 30 34,4 10,03 [ 156,4 Without diffuser

Of the geometrical factors investigated, it is the length Z¢y, of the cylindrical
throat that exerts the greatest influence on (pw).r. Obviously, the critical mass velocity
depends not on the length of the cylindrical section but on a somewhat larger effective
value that represents the sum of the length of the cylindrical section and of the length of
part of the input section. The latter is reckoned from the cross-section where the fluid
begins to boil. It can be seen from Fig. 4 that, over the entire range of po investigated,
an increase in Iy leads to a decrease in the critical mass velocity of the outflow of both
saturated and underheated water. The effect of lyj on (pw)cr attenuates more rapidly, the
greater the unjerheating of water at the nozzle inlet. For example, for Atpo = 10°C in-
creasing Zth from 0 to 160 mm results in a 47% drop in (pw) cy» whereas for Atpo = 30°C vari-
ation of 7y, within the same 1fmits reduces (pw)cr by only around 13% in all.

Of considerable practical interest is the probable effect of the diameter of the nozzle
throat on the critical mass velocity of outflow of underheated and saturated water. In the
present study, experiments were conducted using nozzles with throat diameters of 10, 20, and
30 mm, Figure 5 indicates that there is some stratification with respect to di¢h of the curves
that describe (pw)cpy as a function of the relative underheating (Ai/r). for various values
of the water pressure at the nozzle inlet., It follows from the figure that for d¢p = 30 mm
the values of (pw)cr are 5-8% higher than for deh = 10 mm.  Of course, the problem of the
effect of throat diameter requires further experimental study, since the observed stratifica-
tion of the (pw)er = £ (Ai/r)o curves with respect to d¢h is commensurable with the possible
error in measurement of (pw)cr (which amounts to +4%).

In this study we also investigated the effect of the aperture angle a of the conical
diffuser in the range from 3 to 180°. As the experimental data show (Fig. 6), the effect

of @ on (pw).r is negligible, at least in the range under consideration and for nozzles of
sufficient extension.

Conclusions

We have experimentally investigated the relationship between the critical mass velocity
of hot water on a number of operating and geometrical parameters. The greatest effect on
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Fig. 1. Typical working section.

Fig. 2. Effect of intake under heating
on critical mass velocity (nozzle No. 9)
for po = 9.0 (O); 7.0 (@; 4.0 (®);

2,0 (©; 1.0 (O MPa.

Fig. 3. Effect of pressure at inlet to
nozzle on critical mass velocity (nozzle
No. 9).

Fig. 4. Effect of length on critical mass
velocity (nozzle with throat 20 mm in
diameter): a) saturated water, po = 9.0
(1); 7.0 (2); 4.0 (3); 2.0 (4); 1.0 MPa
(5); b) underheated water, Atpe = 100 (1)
60 (2); 30 (3); 20 (4); 10 (5); 0° (6).
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Fig. 5. Effect of throat diameter on critical mass velocity (nozzles Nos., 4-7,
9 with throat length 160 mm) for po = 9.0 (1), 4.0 (2), 2.0 (3), 1.0 MPa (4) and
dgy, = 10.03 (@), 20.04 (®) and 30.0 (O) mm.

Fig. 6. Critical mass velocity as a function of underheating at inlet for vari-
ous aperture angles of the output section (nozzles Nos. 4=-6 with cylindrical
throat 160 mm long and 20 mm in diameter) for po = 9.0 (1), 7.0 (2), 4.0 (3),
2.0 (4), 1.0 MPa (5) and a = 180 (@, 6 @, 3° (O.

(pW)or is exerted by the pressure and underheating of the water at the nozzle inlet. For
example,  increasing po from 2 to 9 MPa for Atpy = 20°C results in an increase in (pw)cr
from 30 to 55¢10° kg/(m*-sec), whilea change in Atpo from O to 60°C for po = 7 MPa increases .
(pw) oy from 35 to 74+10° kg/(m?-sec). :

The critical mass velocity of outflow of underheated or saturated water also depends
on the length of the cylindrical throat of the nozzle. It has been established that (pw)cy
decreases as l¢}, increases. However, this effect gradually. attenuates as len increases.
The greater the underheating of the water at the nozzle inlet, the sooner the effect of Zth
attenuates. Investigation of the effect of throat diameter revealed that increasing d¢h
from 10 to 30 mm resulted in roughly a 5-8% increase in (pw)cr. The effect of the aperture
angle of the diffuser turned out to be negligible, at least for 3 = a = 180° and Zth/dth »
1.5.

Notation

P,, water pressure at the nozzle inlet, MPa, At;,, underheating of the water at the
nozzle inlet, °C; (pw)coy, criticalmass velocity, referred to the narrow cross section, kg/
(m?esec), (Ai/r)o,dimensionless value of the underheating at the nozzle inlet, Z¢p and dp,
length and diameter of the cylindrical throat of the nozzle, mm, a, aperture angle of the
conical diffuser, deg.
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DETERMINATION OF SOME CHARACTERISTICS OF SPENT FUEL OF BOILING-WATER
REACTORS USING « AND y SPECTROMETRY '

A. G. Zelenkov, S. V. Pirozhkov, UDC 621.09.54:539.128.4.,144:539.166.3
Yu. F. Rodionov, and I. K. Shvetsov

The international system of guarantees regarding the nonproliferation of nuclear
weaponry places considerable emphasis on supervision of special nuclear materials (SNM),
using methods of physical protection (protective measures) and nondestructive methods of re-
cording nuclear emissions.

An important element in supervision at spent-fuel reprocessing plants is the identifi-
cation of SNM in all phases of the technological process, from delivery to the plant until
storage of the product and localization of radioactive waste. The problem reduces to check-
ing the correspondence between the product and the certification data for fuel assemblies:
initial enrichment, average burn depth (B), and unloading time from reactor (holding time)
[1]. The solution of this problem is one of the tasks of the "Minimum Isotope Inventory
Safeguard Technique' (MIST), whose authors, however, confined themselves to only linear iso=~
tope correlations and mass-spectrometric measurement techniques [2].

We will confine ourselves to the problem of identifying SNM for the purpose of detect-
ing their possible illegal inclusion into the technological process. For this it is ex-
tremely useful to determine the relative content of the maximum number of nuclides of the
actinoid elements, including nuclides of the transplutonium elements, - The relative spectral
line intensities resulting from emission of not one but several nuclides can also be employed.

It is desirable to employ nonlinear isotope correlations because of the possibility of
predicting the relative content of nuclides for a batch of reprocessed fuel, primarily for
assemblies with known B, and also because of the achievable accuracy in determining the
above certification data. To solve the problem, it is desirable to employ relatively simple
methods, characterized by moderate equipment costs and speed and ease of analysis. Current
mass—-spectrometric techniques can meet these requirements only with difficulty.

It appears promising to employ a-spectrometry (with semiconductor detectors) in combi-
nation withy spectrometry for this purpose: both types of measurements can be made using omne
device equipped with two kinds of detectors, the methods are easily accessible, relatively
simple, fast, and insensitive to chemical admixtures. Alpha spectrometry is relatively in-
sensitive to the presence of radioactive fission products as well, but requires the prepara-
tion of uniform thin-layer targets (around 10 pg/cm?).

Translated from Atomnaya énergiya, Vol. 49, No. 2, pp. 86~91, August, 1980, Original
article submitted August 6, 1979,
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Fig. 1. Alpha spectrum of spent fuel of VVER-440 reactor (a) and of

Pu (b) and U (c¢) extracted from it.
' ’
As an example, Fig. 1 shows the o spectra of a sample of solution of VVER-440 fuel
(from the Novovoronezh nuclear power plant) with a burn-up of 32 kg/ton, initial enrichment
of 3.,6%, and holding time of 2.6 years, and also for plutonium and uranium extracted from the
same fuel sample. Measurements were made using a semiconductor silicon. detector.

For purposes of considering the degree of informativeness of the measured relationships,
we give the absolute (Fig. 2a) and relative (Fig. 2b-d) group intensities in the.a spectrum
of VVER fuel as a function of the burn depth. The figure also gives the ratios of the «
decay rates of 2°°py, 23%py, and 2“Pu, and also of 22°U and ?°°U, as measured by vy spec-
trometry. Figures 2b and ¢ show that the a spectrum of the fuel sample can be used to check
the extent to which the relative intensity of 2644Cm[24“Ccm/ (*®°Pu + 2“°Pu)] corresponds to
the burn<depth data, and the extent to which the relative intensity of 2“2*Cm x [2“3*Cm/(?2°Pu+
2%°pu)] (for given B) corresponds to the known holding time. In view of the fact that the
dependence of the yield of these isotopes on the burn-up is very steep, and in view of the

rapid decay of *“2Cm (T,/; = 163 days), there is no need for a high degree of prec151on in
determlnlng their relative content.

For large holding times, we can also employ the relative intensity of the 5.5 MeV line
[(*3®Pu + 2*'Am)/(*®*°Pu + 2“°Pu)], which reflects the accumulation of 2*“*Am from 2“‘Pu (see
Fig. 2c). We can also employ y=-spectrum data, which enable us to determine the relative con-
tent of *°°Ru, '?“Cs, '®7Cs, '““Ce, *3“Fu and ®°Zr. As we know, they make it possible to
evaluate the burn—up (on the basis of '3%cs, '37Cs, *°“Eu), the contribution of plutonium
fission products (on the basis of '°°Ru), and the holding time (on the basis of '““Ce, °%Zr).

Information on spent-fuel composition can be greatly expanded through a- and y-spectro-
metric analysis of the plutonium and uranium it contains. The chromatographic method can be
employed to separate small amounts of uranium from plutonium and to achieve the purification
depth required for Yy spectrometry (sorption of uranium and plutonium from hydrochloric acid
solution on an anionite and subsequent washing with hydrochloric and hydrobromic acid [6]).
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Fig. 2. Absolute a-emission intensity (N,) and ratio of a-decay rates of nu-
clides, obtained from a or Y spectra (q) as a function of the burn depth Bj
solid line: experimental data for Yankee nuclear power plant [3]; dashed
line and dot—dash line: data for first [4] and second [5] units of Novovoro-
nezh nuclear power plant, initial *°?U enrichment 3.4, 2, and 3% respectively
(A is the radioactivity of ?“*Am corresponding to the content of 2*'Pu).

The a spectrum of plutonium (see Fig. 1lb) can be used to determine the relative content
of 22°Pu, and hence of *“*Am, and to additionally check the burn-up and holding time, Here
we can also isolate the weak 4.9 MeV emission line of 2“*Pu and 2*2?Pu,  The y spectrum of
plutonium can be used to determine the relative content of 2*°°Pu, 22°Py, **°Pu and *“‘'Pu.
These data can be used (see Fig. 2b) to additionally check the burn-up and, possibly, the
initial enrichment. The lines of 2“'Am will also be present in the y spectra of stored
purified plutonium taken from storage. The mass ratio of 2“‘Am and *“'Pu makes it possible
to determine the time elapsed from the moment of plutonium extraction,

The isotope composition of uranium is unambiguously related to its origin, In the
o spectrum, the relationship between the emission lines of 2°“U, 22®U and the combined emis-
sion line of (*°°U + 22°U) and *®°U (see Fig. lc) can be used to determine the initial uran-
ium enrichment and the burn depth (see Fig. 2d). Measurements of the y spectrum make it

possible to determine the ratio of 233U and 23°v, ;

The accompanying table gives the principal lines of the a and Y spectra of spent boil-
ing-water reactor fuel, their origin, and information on fuel characteristics obtained via
a and y spectroscopy. Thus, measurements of the a« and vy spectra of a sample of spent fuel
makes it possible to estimate the burn depth and the holding time [l]. The nature of the
plutonium spectra is determined by the burn-up and storage time of the fuel. By analyzing

uranium eémission, it is possible to determine the initial and final enrichments and the
burn-up.
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TABLE 1. Principal Lines in o and y Spectra of Spent Boiling-Water Reactor Fuel
and of Uranium and Plutonium Extracted from Tt

a~emission y-emission
Source of characteristic . . characteristic
emission nuclide | ¥ determined nuclide My determnined
Initial fuel- 23]y - 240Dy 5,16 Baseline 1305 0,662 |Baseline
mixture LRP |- 241 Am 3,5 PBum-up and holding | ™Cs 0,604 purn-up
time 0,796
244Cm 5,8  Burn-up 154k 1,004 »
242Cm 6,1 Holding time . 1,274
134Ce (144 Pr) 0,606 [Holding time
1,489
9371 (95N ) 0,72% » »
0,766
% : 106Ru(1081Rh) 0,622  Contribution of
lutonium fission
to fission products
‘Uranium 2381] 4,2 [Baseline 2L (23AM Py) .| 1,001 |Baseline
Y -20U 4,0 1 Burn-up and 25 0,186 [rinal enrichment
initial enrichment
234U 4 s 8
239 Py - 240Dy 5,16 Baseline Py 0,120 [Baseline
0,414
i : 2 Burn-up and storage |, , - -
Plutonium #olu |- 24 Am %5 ltime atter extract%on “‘:][::]' ::1‘%‘; Burn u»P ’
1Py (27L) 0,149 )
241y | 242y 4,9  [Burn-up 0,208
MAm 0,060  [Storage time after
} extraction

*Most intense lines.

It should be pointed out that the curves in Fig. 2 correspond to local burn-up and
cannot be employed directly to determine the content of nuclides in fuel assemblies, To
solve this problem we need to know how the burn-depth values are distributed over the mass
of the fuel; this can be determined from the burn-up distribution over the cross section of
the assembly and the length of the elements [7-9]. Figure 3 shows the distribution of the
burn depth over the fuel mass computed in this fashion, for the assemblies of the VVER re-
actor. The abscissa axis gives the relative burn depth (B/ﬁ), while the ordinate axis gives
the relative content of fuel with the given burn-up. The “tail" of the distribution in the
direction of low burn-up results from the lower burn-up at the ends of the elements (down to
0.3 B), while the drop-off in the region of relatively large burn-ups results from increased
burn-up of peripheral elements of the assemblies. Analysis of the data indicates that the
histogram (see Fig. 3) gives a fairly good account of the distribution of burn-up for most
assemblies of boiling-water reactors with differing average burn-up and initial enrichment,
and can be used for estimating the production of nuclides of transuranium elements.

The curves in Figs. 2 and 3 were used to compute the intensity of some lines in the
0. spectra of a sample of initial fuel mixture from the assemblies of the VVER-2 reactor and
of uranium and plutonium extracted from the sample for average burn-ups of 15, 20, and 30
kg/ton; it turned ocut that the expected differences in the relative line intensities in the
alpha spectra of samples taken from the assembly mixture and of samples corresponding to
local burn-up result in errors in determining the burn depth not greater than 10%, i.e., they
are within the limits of accuracy in determining the calculated burn-up.

The accuracy in estimating the burn-up can be improved, of course, if we employ experi-
mental data obtained in measuring the nuclide content in dissolved fuel assemblies of a given
type with differing burn—up. Here we can also take account of the effect of distortion of
the neutron spectrum at the edges of the assemblies., The achievevable accuracy in estimating
the average burn—-up will be determined by the variations in the measured ratios of the nu-
clide content in response to the conditions of irradiation of the assemblies in the reactor.
In using the proposed procedure it is desirable that fuel with the same initial enrichment
and maximally similar burn-up be combined into one batch in the radiochemical plant [9]..
Evidently there are also economic reasons for doing this. Consequently, a and Y spectrometry
of fuel at the radiochemical plant enables us to determine with the necessary degree of pre-
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cision the extent to which the nuclide composition of the product (both the initial mixture
and the purified uranium and plutonium) corresponds to the certification data. As for the
basic problem of meeting the guarantees (monitoring illegal incorporation of extraneous SNM
into the technological process), it is natural to assume that this fuel has a different
origin and different initial composition, and was irradiated in a reactor of a different
type. The nuclide composition of transuranium elements in spent fuel differs greatly for
reactors of different types [10]. 1In view of the fact that the relative content of 18 nu-
clides can be determined using o and y spectrometry (see Table 1), we can anticipate that
our method will be highly sensitive to illegal incorporation of appreciable amounts of for-
eign products.

Yet another interesting possibility should be pointed out. In view of the high degree
of sensitivity of the yield of heavy nuclides formed as a result of multiple neutron capture
to the irradiation conditions for the assemblies in the reactor, we can assert that each
batch of SNM cobtained as a result of reprocessing of a batch of assemblies will have an in-
dividual nonduplicable nuclide composition, or "dactyloscopic signature." 1Indeed, o and Y
spectrometry can be used to.measure the ratio of four isotopes of uranium and five isotopes
of plutonium., The necessary accuracy in measuring the relative spectral intensity is evi-
dently around 1%, a figure that is quite achievable experimentally.

Thus, it becomes possible to employ '"dactyloscopy' of a batch of SNM over the entire
course of fuel reprocessing until it is used in new fuel elements. The problem can be sim-
plified by artificial tagging of nuclear materials by small amounts of *““Cm, 23“U, or *°°U,
In our opinion, a combination of o and Y spectrometry provides a good method for this kind
of "dactyloscopy" of SNM.

In concluding, we wish to thank V. A. Pchelin, V. P. Tarasevich, and V. S. Shiryaev
for their assistance with the paper, and A. N. Novikov, 0. A. Miller, and V. D. Sidorenko
for discussion of the results,
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DETERMINATIN OF LOW CONTENTS OF ELEMENTS FROM VANADIUM TO
MOLYBDENUM BY AN X-RAY FLUORESCENT METHOD USING A NEW
VARIANT OF STANDARDIZATION

A. G. Belov, V. Ya. Vyropaev UDC 543.422.8
N. Sodnom, B. Dalkhsurén,

Sh. Gérbish, P. Zuzaan,

and S, Davaa

X-ray spectral analysis is widely used in the determination of the content of elements
in ores, soils, materials of biological orgin, and in samples collected for environmental
monitoring [1-2]. A peculiarity of the analysis of such objects is the monitoring of low
contents of a group of elements, whereas in most cases there are no standards available. As
a result of this, the development and investigation of methods of x~ray spectral analysis
based on the use of a minimum of standards are promising. In this work we present the re-
sults of the development of a new method of x-ray spectral fluorescent analysis, based on the
use of one reference element as the standard for a group of elements from vanadium to molyb-
denum. It is expedient to use this method in the determination chiefly of low concentrations
of the elements, (= 0.5%).

Theoretical Substantiation of the Method

Quantitative x-ray spectral analysis is a variant of the internal standard method [3],
based on the use of the relative specific intensity R% of the analytical lines of the ele-

ments to be determined. The value of Rg is determined calculated for 1%:

Ri = ;11) (Ci/C}), . (1)

where IZ’ Ij and CZ’ Cj are the intensities of the analytical lines and the concentrations

of the elements 7 and j, respectively, for the sample under consideration (in this case the
element is the reference element — internal standard).

Let us assume that in the sample under consideration the content of the group of ele-
ments does not exceed “0.5%. Let this be, e.g., elements from 23V to “?*Mo. Using *°%Cd to
excite the x-ray fluorescence, we can simultaneously investigate the K=spettra of these ele-
ments., In a calculation of the fluorescence intensity excited in the sample under considera-
tion by a *°°Cd source, the primary spectrum can be considered monochromatic with acceptable
accuracy, since the contribution of the hard component with energy 88 keV will be negligible,
In view of the fact that the entire absorption edge of elements with 23 = Z = 42 lies on the
long-wave side of AgK — the spectrum of the source — All the calculations can be made for the
AgKy line [4]. 1In this case we can neglect the contribution of the effect of selective ex-
citation to the fluorescence intensities., Then the following formula will be corrects

sh—1
i pt Sk ! Cy (2)
1= kW, P; st Wint [P - ny S mp
where k is a coefficient of proportionality; n = sin ¢/sin ¢, angles of incidence of the

primary fluorescent radiation on the sample and of collection of fluorescent radiation; wk,

fluorescence yield of the element 7; P%, probability of transition of the atom I with emis-
~ samp samp

1* Mm1 ° and Wy o+ mass

coefficients of absorption of the primary radiation by element I and the sample, as well as

the fluorescent radiation of the element I and the sample.

sion of the line 1i; Si} jump in the absorption of the k—-level; u%

USSR. Mongolia. Translated from Atomnaya ﬁnergiya, Vol. 49, No. 2, pp. 91-94, August, '
1980.

0038~531X/80/4902~ 0525$07.50 © 1981 Plenum Publishing Corporation 525

Declassified and Approved For Release 2013/02/14 : CIA-RDP10-02196R000800040002-1




Declassified and Approved For Release 2013/02/14 : CIA-RDP10-02196R000800040002-1

Rp-107
uh
12+
10} : . .
gt Fig. 1. Dependence of the relative specific
5k intensity on the atomic number: e) calcu-
4l lationy o) experiment.
2 -
i) 1 1 l
20 30 40 z
“Ca Zn ir

If now we introduce the notation

N =Wy i'j;y—‘l%nr, ' '
7 :

then for R% we obtain the following expression

samp  samp
i My B A By
b= n, Samp ~— SAMD
Wonf "l

4)

Figure 1 shows the dependence of the relative specific intensity R% for elements from

23y o “%Mp on the atomic number Z. The curve was constructed according to the results of
a theoretical estimate. We selected “°Zr (RZr = 1) As the reference standard. All the

7
necessary parameters were taken from the tables of [5, 6]. The mass coefficients of absorp-
tion were calculated according to the formula

= CA%, (5)

where A is the wavelength of the radiation; while the parameters Cj and a; were calculated
for each element. A value of n equal to 0.707 corresponds to angles ¢ = 25° and ¢ = 90°,

‘It is not difficult to show that the dependence shown in Fig: 1 is constant when the
chemical composition is varied within broad limits, if there are no absorption edges of the
elements with a larger concentration (> 0.4-1.0%) in the range of wavelengths between A (pri-
mary radiation) and A{ max (maximum wavelength of radiation of the analytical line, inthe
case under consideration VKy). Actually, in the case the mass coefficient of absorption of
the sample will be a continuous function within the wavelength (A1 = X{ pax) Then, in
accordance with formula (5) :

samp ¢ Ar\® samp :
Wo.: = 77) Pl'mij’ (6)

and the expression for R; can be transformed into:

o Itn (7&5/'7»1)“
YT T G | 7

From this it is evident that the parameter RJ does mnot depend on the chemical composition of
the samples. Thus, the mutual influences of the elements are considered with the aid of the
relative specific intensity for the type of samples under consideration.

Acco:ding to formula (3) we find that at small n, the value of R} is entirely deter-

mined by the ratio nj/nz. For large n, when upy can be neglected, formula (3) takes the form

) n'“samp

RJ: __'_7 mil (8)
| 3 ", Mgﬁmp .

In this casé the mass coefficient of absorption of the radiation of the analytical line

of an element with atomic number Z is always greater than for an element with (Z + 1), etc.
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Fig. 2. Sample holder for a point source. 1)
Detector; 2) source; 3) shield.

Fig. 3., Sample holder for a ring=-shaped source:
1) source; 2) aluminator collimator; 3) sample;
4) mylar; 5) detector.

As of a result of this, when n is increased, the value of R% will always increase for elements

with large Z. Analysis according to the proposed method is performed as follows.,

1. For a group of elements the dependence of the relative specific intensity on Z is
determined.

2. For samples one finds an element that can serve as a standard. Such an element
should not be present in the samples, or its concentration should be less than a definite
level.

3. A definite amount of material containing the standard element is added to the
sample to be analyzed. Such material may be, for example, boric acid, since strong tablets
are produced when it is introduced into the sample.

4. The intensity of the analytical lines is measured for the samples to be analyzed
under set conditions of analysis.

5. The results of the measurements are treated (finding the areas of the peaks, in-
tensities of the background, intensities of the analytical lines of Ij).

6. The concentration of the elements to be determined is calculated according to the
formula

S B
T R T, O

where Cp is the boric acid concentration in the emitter.

Experimental Verification of the Method

The effectiveness of the proposed variant of the internal standard method was verified .
on an ORTEC x-ray spectrometer. In the investigation we used an ORTEC Mode 7016 Si(Li) de-
tector (¢10 mm, resolution ~ 200 eV for the emission of the MnK, line, beryllium window
25 um thick) and a ring-shaped radioactive *°°Cd source from Amersham with activity 20 mCi
(inner diameter of source 26.5 mm, outer diameter 34.25 mm). Figures 2 and 3 present the
scheme of arrangement of the sample holder, exciting source, collimator, and detector, The
instrument is supplemented by a set of mixed collimators of aluminum 13 mm high with diam=-
eter of opening 4, 6, 8, 10, and 14 mm, The possibility of varying the source—sample dis-
tance is also provided.

.A ring-shaped excitation source has divergent beams. For example, at a distance from
the source to the sample of 15 mm and a diameter of the collimator 6 mm, the minimum value
of ¢ is equal to 34°, the maximum 83°, while the angle y varies in this case from 65 to 90°.
The value of n correspondingly increases from 0.62 to 1.09. In an estimate of the influence
of variation of this parameter on the shape of the curve (Fig. 1), it was found that the
relative specific intensity Rgi decreases from 0,04 to 0,05, Since \the maximum contribution
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TABLE 1., Theoretical and Experimental

Values
- R i R exp.
. |Be By R exp. 71 SXP /
ment | eor Zr g’ theor, %
Zr
2 \Y 0,0058 | 0,006954-0,0003 22,6
25 | M 0,0144 0,0436--0,0003 —5,6
26 | e 0,0249 | 0,02204-0,0002 --0,5
28 | Ni 0,0469 | 0,04694-0,0010 0.0
20 | Cu 0,064 | 0,068520,0010 43,2
30 /i {),0894 0,0863-0,0010 —3,5
32 | Ge 0,159 0,142£0,0020 —10,7
40 | 7r 1,0 1,0 —
A | Nb 1,185 1,207-£0,007 1,9
42 | Mo | 1,395 4,360,003 —1.,5

TABLE 2, Results of X-Ray Fluorescent
Determination of the Content of Elements in
Standard and Copper—Molybdenum Ore Samples

s ™ GM
=)
5 o 9 3
Z E | & & =
= | B o £ & g S
NEREEEEEERERE
26 | Ve [5,29a:] — |04 1,24 4,845 ] 5,50
0,07 0,02 0,028
29 Cu A3 -4+ 473 2,8+ — H - o —
- 102 1,4 5,0 |
30 1 Zn — — |30 — 031 82,0
. 8.4 8,5
i ) 37 | Rb 222 226 2034- | 263 1774 193,0
: 22,8 20 15
38 | Sr 03,341 114 133-+ 129 1502- 1 166,0
27 1 13
30 1Y — 174 26,3+ 33 (39,3420 52,0
5,3 3,1
40 | Zr 2794 | stan=-| 148+ | Stan~| 1784 | Stan-
28,9 | dard 17 dard 15 dard
41 | Nb - — 174-7 22 — —
4?2 | Mo 1324 155 — — — —
29.3

to the intensity recorded by the detector is made by the central part of the sample, the
following values of the angles were selected for further calculations: ¢ = 45° and y = 90°,
which corresponds to n = 0.707,

Table 1 compares the values of the relative specific intensities RJ for the theoretical
estimates and the experimental measurements. The experimental data for vanadium were cor-
rected considering differences in detector efficiency. Evidently, the discrepancy of the
theoretical and experimental data does not exceed 11% (see R4 for Ge). The coefficient of
variation, characterizing the discrepancy of the theoretical and experimental values, R%

was 4.4%.

The correctness of function (7) was verified on samples with a content of the elements
to be determined, Ni, Zn, Zr, and Nb, equal to 0.4% each, a filler of S5i0, (78.4%) and boric
acid (20%). It was found that replacement of the Si0Os filler by Fe,0; did not lead to any
significant change in the relative specific intensities of the Ky lines of the elements under
consideration. The experimental values RZM apg RND proved equal to 0.089, 0.090, and 1.20,
1.212 for fillers of Si0; and Fez0s, respéEtivelygr The rate of count of the analytical lines
ZnKy, ZrKy, and NbK, changed approximately five fold when the filler was replaced. Analogous
results were obtained when 207 of the SiO; was replaced in the sample by S5nO;. ‘

When the concentration of any element from the range under consideration (from *°V to
“3Mo) is. increased substantially, the values of R% for certain elements also are changed.
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Fig. 4, Comparison of the results of x-ray
fluorescent and chemical analyses.

According to chemical analysis

i A ) !
] 45 10 18 Cey %
According to  x-ray fluorescent analysis

e Ni
For example, when the nickel content is increased from 0.1 to 10%, the value of R, increases

Zr
Co Fe

by 30%. The quantities RC N RZ , etc. change analogously (for elements from vanadium

s R
Ni Zr ir
to copper, AR lies within the range from A, and X*i). The value of % for elements with

Z = 30 is practically unchanged in this case, since function (6) is undisturbed. Conse~
quently, when samples containing increased concentrations of individual elements (v 0.5%)
are analyzed according to the proposed method, it is necessary to consider the change in
R% (the level of concentration of such elements is determined by the accuracy of the analysis).

An x~-ray spectral analysis of a number of artificial samples was made according to the
proposed procedure. The calculated values were used as the parameters RJ., The error of the

analysis did not exceed the discrepancies between the thoeretical and experimental R;. Thus,

for these elements it was not necessary to perform any measurements at the preliminary stage
of the experiment.

For a verification of the method, we detected the content of a number of elements in
standard samples TS, TB, and GM. Zirconium, present in sufficient amounts in all three
standards, was selected as the reference elements, and Fe, Cu, Zn, Rb, Sr, Y, Nb, and Mo were
also determined. The superposition of Kg, lines of Rb, Sr, Y, and Zr upen the analytical K4
lines of Y, Zr, Nb, and Mo, respectively, was taken into consideration. For the copper K,
line, a correction was introduced for the background content of copper in the collimator in
front of the detector (sample TS). As a result of the fact that this correction proved com-
paratively large (v 500 g/ton), the copper content in sample TB was not determined. For a
determination of iron we considered the change in rRF€ with increasing Fe concentration (CFeE:
0.5%). From the results obtained, cited in Table 2, we can see the satisfactory coincidence
of the certified values of the content and the data of x-ray spectral analysis. Samples of
copper and molybdenum ore were also analyzed. The results were compared with chemical an-
alysis of more than 300 samples in the determination of copper according to the proposed
procedure (Fig. 4). The reliability of this method was estimated by the method of variation
statistics, The method of analysis developed is used in finding a number of elements in sam~"
ples of plant materials and soils, '

The authors would like to express sincere gratidude to Academician G. N, Flerov for
constant support and interest in the work, as well as to Candidate of Physicomathematical
Sciences of Zhdanov Irkutsk State University, A. G. Revenko, for participation in the experi-
ment and in the discussion of the results of the work.
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SPECTROPHOTOMETRIC STUDY OF THE EQUILIBRIUM OF THE REACTION
Pu“T + €17 = PuT 4+ 1/2C1, IN MOLTEN NaCl—2CsCl

S. K., Vavilov, G. N. Kazantsev UDC 546,.799.4:143.543,42
and V. V. Gushchin '

The equilibrium of the reaction
Pué - Cl- == Pu?* - 1/2Cl,

in molten NaCl—2CsCl was studied by a spectrophotometric method in the near IR region for
the temperature interval 550-750°C.

The arbitrary equilibrium constant of the reaction studied is described by the empir-
ical equation:

gkt e-2.52— 21 4 0.05.

The values of the thermodynamic reaction parameters are equal to:

AH* = (49 £ 2) kKJ/mole;
AS* = (48 £ 2) ]/ (mole- deg K).

The temperature dependence of the arbitrary formal redox potential of the couple Pu“t/
Pu®t relative to a chloride reference electrode takes the form

Epussppusr = — 0.51 ++5.0. 1077 == 0,01

The results of an investigation of the equilibrium of the reaction
Pu* 4 Cl- = Pu** 4 1/2Cl, ' (1)

by a spectrophotometric method in molten LiC1—KCl {1] and LiCl1—CsCL [2] are evidence of the
low stability of tetravalent plutonium in chloride melts, which can be judged according to
the closeness to zero of the arbitrary formal redox potential of the couple Pu*t/Pu?t rel-
ative to a chloride reference electrode.

"It is interesting to continue an investigation of the equilibrium of reaction (1) ac-
cording to a whole series of molten chlorides of the alkaline metals and their mixtures, for
a more complete idea of the chemical behavior of oxygen—free reduced forms of plutonium in
salt systems, We might expect an increase in the stability of the tetravalent state of plu-
tonium in the series from lithium chloride to cesium chloride, as has been established for
other metals [3]. This work presents the results of a study of the thermal dynamics of re-
action (1) in molten NaCl—2CsCl by the method of spectrophotometric measurements of the
equilibrium concentratlons of tri- and tetravalent plutonium at various values of the partial
pressure of chlorine in the gas phase, :

Experimental

The equilibrium concentrations of tri- and tetravalent plutonium at various values of
the partial pressure of chlorine were measured on an IKS-14A spectrophotometer, equipped for
work with molten salts [4]. The solvent was a NaCl—2CsCl eutectic (Tp = 495°C), prepared by
fusing the individual cp grade salts and freed of traces of moisture and oxygen by treating
the melt with hydrogen chloride and chlorine. The density of the melt was calculated accord-
ing to the equation [5]

I

Translated from Atomnaya ﬁnergiya, Vol. 49, No. 2, pp. 94-98, August, 1980. Original
article submitted July 3, 1979.
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‘Fig. 1. Spectrum of molten NaCl—2CsCl,
containing equilibrium concentrations of
tri- and tetravalent plutonium at Cp, =
0,130 M; T = 650°C: 1) Pgy, = 0, 2) Pcl, =
0.08 x 10°® Pa; 3) Pcy, = 0.16 x 10° Paj

4) Pcy1, = 1.0°10° Pa; 5) spectrum of Pu(IV)
calculated according to Eq. (19).

d=3.175—10.01 1057, (2)

Plutonium was introduced into the melt in the form of the trichloride, which was synthesized
according to the reaction between plutonium dioxide with a purity of 99.5-99.7% by mass and
vapors of carbon tetrachloride at-600°C.

The reaction vessel was a spectrophotometric quartz cuvette (7 = 1 cm), equipped with
a hermetic teflon plug with a loading device and central inlet for the gas pipe. The temp-
erature of the melt in the cuvette was maintained with +2°C. The gas mixtures of chlorine
and hydrogen chloride was produced in a steel gas holder. The partial pressure of chlorine!

in them was varied from 2+10° to 1-10° Pa with an accuracy no lower than +3%.

|
The experimental procedure consisted of the following. Plutonium trichloride, in an

amount such that the summary plutonium concentration was (1.0-1.4):10"* M, was introduced
into the melt through the loading device. Then a gas mixture of chlorine and hydrogen chlo~
ride of a definite composition was bubbled through the melt along the gas pipe. The absorp-
tion spectrum of the melt was periodically recorded in the range from 12,000 to 4000 cm™*.
treatment of the melt with the gas mixture was continued until a stable spectrum was ob-
tained, which was evidence of the reaching of equilibrium in the system, '

Results and Discussion

Figure 1 presents the absorption spectra of molten NaCl—2CsCl, containing equilibrium
concentrations of tri- and tetravalent plutonium, obtained at various values of the partial
pressure of chlorine in the gas mixture. When the partial pressure of chlorine is lowered
the intensity of the absorption band with maximum at 7200 cm~', belonging to trivalent plu~
tonium [6, 7], increases, while the intensity of the absorption band with maximum at 5300
cm™*, assigned to the spectrum of tetravalent plutonium [6, 7], decreases, i.e., there is a
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TABLE 1. Values of the Molar Extinction
Coefficients of Trivalent €3 and Tetra-
valent e, Plutonium in Molten NaCl-2CsCl

T, °G
, liters/
(mole-sec) 550 600 650 700 750
€y (V= 4,34-0,1]4,44-0,144,54:0,2)4,064-0,1}4,840,1
= 7200 cm=Y)
gy (v= 4,T40,3]4,940,3]5,2240,4/5,44-0,5]5,74-0,5
= 5300cm™Y)

K

Fig. 2. Graphical verification of Eq.
(8) for 550 (1), 600 (2), 650 (3),
700 (4), 750°C (5).

7 -1/2
Py,

reduction of tetravalent plutonium to the trivalent state. The presence of isobestic points
at 6000 and 7700 cm~* is evidence of the presence in the melt of only two spectrally dif-
ferent forms of plutonium. It is evident that the absorption band at 5300 em™* is practi-
cally free of the interference of other bands and can be used for analytical purposes. How-
ever, it does not seem possible to determine the molar extinction coefficient for it di-
rectly, since melts containing only tetravalent plutonium cannot be obtained on account of

its insufficient stability,

We established that in melts containing only trivalent plutonium, for-the absorption
band at 7200 cm™' the Beer—Lambert law is fulfilled at optical densities from O to 1.2. The
dependence of the change in the molar extinction coefficient on the temperature for the ab-
sorption band of trivalent plutonium at 7200 cm ! (e2) is cited in Table 1. For melts con-
taining equilibrium . mixtures of tri- and tetravalent plutonium, the contribution of the

latter o the absorption at.7200 cm—! is unknown.

The indices of absorption of a melt containing equilibrium concentratioms of tri- and
tetravalent plutonium at 7200 and 5300 cm™?, respectively, are equal to
E® e eCpuaiiny + £:Cpuivys (3)
1*? = &,Cpucivy, (4)
where k72 and k®-2 are the indices of absorption of the melt at 7200 and 5300 cm™', re-
spectively, cm™?, Cpu(III) and Cpy(1v), equilibrium concentration of tri~ and tetravalent
plutonium, M, €s and €',, molar extinction coefficients of tri- and tetravalent plutonium at

7200 cm™?, liters/(mole¢cm), €., molarextinction coefficient of tetravalent plutonium at
5300 cm !, liters/(mole*sec). : ,

'Dividing Eq. (3) by Eq. (4), we obtain

K2 = el /e, + esCruqin/elpuav)- G
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TABLE 2. Dependence of the Ratio of the Equilibrium Concentrations of Tri- and
Tetravalent Plutonium on the Relative Partial Pressure of Chlorine at Various
Temperatures in Molten NaCl1—2CsCl

5H0° G H00° G 6h0° 7007 ¢ 7500 G

s Py Cy Cy Cy Cy y Cy Cy Oy Cy L Ca
" ﬁ T T n C—l | TT n ('—l o ? I T‘ [ (—I— n —I i 5
—1,698 3 1,74 0,24 2 2,46 0,39 3 3,88 0,59 2 5,25 0,72 3 7,08 | 0,88
—1,397 4 1,07 0,03 3 1,55 0,149 4 2,46 0,34 3 3,31 0,52 4 5,02 1 (0,70
—1,006 4 0,72 | —0,14 3 1,15 (4,06 4 1,78 0,25 3 201 0,40 4 3,47 | 0,04
—-0,795 3 (0,54 | —0,27 2 0,81 | —0,00 3 1,26 0,10 2 1,70 0,23 3 2,071 0,4
—0,602 2 0,49 | —0,31 — — — 2 0,05 |- 0,02 —- - 2 2,00 1 0,30
—0,444 2 0,36 | —0,45 2 0,54 | —0,27 2 0,79 1 —-0,10 2 1,20 0,08 2 1,70 | 0,23
—0,310 2 0,34 | —0,47 2 0,45 | --0,35 2 0,76 1 --0,12 2 0,04 1 - 0,04 2 1,41 ] 0,145
0,000 2 0,25 {—0,060 2 170,35 | —0,45 2 0,56 [--0,25 2 0,74 | --0,13 2 1,10 | 0,04

Note, C; = Cpu(111)> Ca4 = CPu(IV)’ n is the number of experimental points,

TABLE 3. Values of the Arbitrary Equili-
brium Constant and the Arbitrary Standard
Gibbs Energy of the Reaction Pu® + C1~ =
Pu* + 1/2 C1? in Molten NaCl—2CsCl

Exponent lo K* IW* AG * » kJ/
of Pcy, » mole

550|221 0,5020,02|—0,64=20,0600,234-0,03| 1-10,04-0 9
600 116 0,52-£0,02{—0,39:0,06/0,415-0,05] | 6.541,0
650 1221 0,51220,01—0,242£0,05(0,58 50,07 -| 4,240 9
700 11610,5120,011--0,122:0,05[0, 790,000 - 2 29:0.9
750 ]22{0,500,01) 0,00220,05/1,007-0,12 01

*n is the number of experimental points,

From the function for the arbitrary equilibrium constant of reaction (1)
c, ‘

K* - - u(lrn p(I:/;J (6)
Puiv)
_we find the ratio of the equilibrium concentrations of tri- and tetravalent plutonium:
C .
Pugl11 —1/2
C;(lzK*sz/ , (N
PW(1v)

where K* is the arbitrary equilibrium constant of reaction (1); Pc1, répresents the relative
partial pressure of chlorine in the gas phase. (related to standard pressure 1.01.10% Pa).

Substituting function (7) into Eq. (5), we arrive at the expression

kmyk&3:8ﬂ8r+gy%K*P&y{ ®

which permits a determination of the ratio of the molar extinction coefficients of tetra—

valent plutonium at 7200 and 5300 cm~® as the segment intercepted on the y axis by a straight

line constructed in a plot of k7°?/k%*? versus PEI 2,
2

Graphical verification of Eq. (8) showed (Fig. 2) that the ratic k7*2/k®*? is propor-
tional to the quantity PT}/?, while the ratio e',/e, is equal to zero. Consequently, the

contribution of tetravalen plutonium to the absorption of the melt at 7200 cm™! can be
neglected.

The summary plutonium concentration in the melt Cpy as a sum of the equilibrium con-
centrations of tri- and tetravalent plutonium can be expressed by the equation )

Coum K"ey+ ey, €9)
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TABLE 4. Values of the Arbitrary Formal
Redox Potential of the Couple Pu“t/Pu® 3+
(relative to a chloride reference electrode)

FEpyaspus+ — Egryrci-)s

Solvent 550°G | 6ooe ¢ | 6p00C | T00°C [TH00C

LiCl—-KCl 0,023 I' 0,046 0,072] 0,096]0,120
(40 mole %)
LiCl- —0,090]—0,060 [—0,0241 0,010 0,042 -
(55 mole %) t
NaCl — CsCl -—0,110[—0,084 |—0,056 |—0,028 | 0,000
(66 mole %) ¥

*Calculation according to the data of [l].
+Calculation according to the data of [2].
#The present work.

from which
5 9 lO
=53 (Cpu — K" 1ey). 1o
The values of €, (see Table 1), calculated according to Eq. (10), as well as the values
of €3, were used to find the equilibrium concentrations of tri- and tetravalent plutonium in
the study of the equilibrium of reaction (1).

The arbitrary equilibrium constant of reaction (1) was ‘calculated from the expression
obtained after taking the logarithm of Eq. (7):

Ig @ —1g K*—1/21¢g Pq,,. (11)
Pu(1V)

Table 2 presents the experimental values of CPu(III) /CPué as a function of the relative
partial pressure of chlorine and the temperature, while Table 3 presents the values of the
exponent of Pg), and the arbitrary equilibrium constant of reaction (1), calculated by the
method of least squares according to Eq. (11) and the data of Table 2. From Table 3 it is
evident that the relative partial pressure of chlorine in the gas phase enters into the ex-
pression for the arbitrary equilibrium constant of reaction (1) to the exponent 0.5,

The temperature dependence of the arbitrary equlllbrlum constant of reaction (1) is
satisfactorily described by the equation

lg K* = 2.52 — 257071 &= 0.05. : 12

Using Eq. (12) we calculated the arbitrary formal redox potential of the couple Pu“t/
Pu?t relative to a chloride reference electrode-

3[{ T

! lf}k)u“*/l‘u3+4 l K* (13)
= —0.51 +o.0-1(> T +£0.01V
and the change in the arbitrary standard Gibbs energy (AGf) for reaction (1) in molten
NaCl-—2CsCl1:
% __ *

=49—48.10"2T 4-1, kJ/mole.

From Eq. (14) we found the changes in the entropy and thermal effect of reaction (1)
AS* =48 + 2 ]/mole - deg K;
AH* =49 4= 2, kj/mole.

Earlier (8] the emf method was used to find AG* in the formation of dilute solutions
of trivalent plutonium, which for molten NaCl—2CsCl is equal to

' 15
AG*pygry = — 1.094 3,11 10747, MJ/mole. (1)

Therefore we can calculate AG* in the formation of dilute solutions of tetravalent plutonium.
It is made up of AGpyCl, and AG¥ of reaction (1), taken with the opposite sign, i.e.,

AGBuct, = AGEuct, + (— AG#)
= —1.144+3.6-107T, MJ/mole. (16)
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Using the expression cited in the work of Benz [9] for the change in. the standard Gibbs
energy in the formation of liquid plutonlum tetrachloride from the elements

AGhycy, = — 0.89 +2.1-10747, M]/mole, (17)

and Eq. (16), we calculated the energy of mixing of liquid plutonium tetrachloride with
molten NaCl—2CsCl:

AGnnX:—AGmmu—-AGmmu
= —0.25+1.5-10T M fnole, (18)

~ From the results cited it follows that the stability of the tetravalent state of plu-
tonium in molten NaCl—2CsCl, just as in molten LiCl1—XCl [1] and LiC1—CsCl [2], decreases

- with increasing temperature, since the equilibrium .constant of reaction (1) increases. In

the series of solvents LiC — KCl, LiCl — CsCl and NaCl -- 2CsCl, the arbitrary formal redox

- potential of the couple Pu“t/Pu®" in the interval 550-750°C is displaced in the negative di-

rection (Table 4), which 'is evidence of an increase in the stability of tetravalent plutonium
in this solvent series.

The mixing of liquid plutonium tetrachloride with molten NaCl—2CsCl is an exothermic ,
process, evidently due to the formation of chloride complexes of tetravalent plutonlum of the
PuCl2™ type in the melt {1o].

APPENDIX -
The contour of the spectrum of tetravalent plutonium was calculated according to the
equation
AR t—;ll-_l

7.9 Cl’us (19)
b .

L0 .
kpuayy = -
pu—k J

which was obtained in simultaneous solution of the following functions:

k%:ﬁzicvn(lm-F Ezicpu([vﬂ (20)
Cru = Cpuiny +Cruavys. _ (21)
CPuu11)=:k7£8;5 : : ' :(22)

. - A,
k}'lu(IV) =g, Cpy, (23)

where k*1 ig the index of absorption of a melt containing equilibrium concentrations of tri-
and tetravalent plutonium at a set partial pressure of chlorine in the gas phase at the i-th
wave number, cm~', €37, eXl, molar extinction coefficients of tri- and tetravalent plutonium
at the i-th wave number, liters/(mole*cm), Cpy, CPu(III), CPu(IV), sSummary and equilibrium
concentrations of tri and tetravalent plutonium in the melt, M, k%i(IV)’ index of absorption

of a melt containing only tetravalent plutonium with concentration Cpy.
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DETERMINATION OF THE COEFFICIENTS OF SEPARATION OF BORON ISOTOPES
IN THE DISTILLATION OF BCls IN THE TEMPERATURE RANGE 278-438°K

A, S, Aloev, V. A. Kaminskii, ‘ UDC 621.039.33
A. G, Kudziev, and R, Sh, Metreveli

The production of boron isotopes is an important scientific and technical problem,
therefore, it is necessary to select the most economically efficient method of separation
of these isotopes. Among the methods suitable for this purpose, researchers have always
been attracted by the distillation of BCls, thanks to the cheap and readily available initial
raw material and the simple technological formulation of the process. The deciding factor
in the question of the use of the above-mentioned method is the value of the coefficient of
separation and its temperature dependence. Despite a number of investigations {1-4], this
problem has not received a final resolution, especially for the region of increased temper-
ature, In view of this, in the present work an investigation wasmade of the temperature de-
pendence of the coefficient of enrichment of two mutually supplementing and controlling
methods. One of them permitted direct measurement of the difference of the saturated vapor
pressures of isotopically substituted varieties of BCl,, while the other permitted direct
estimation of the separation achieved on the column in the process of fractionation of BCls,
all the way up to a temperature close to the critical point, '

Determination of the Coefficient of Enrichment by a Differential Method. For a mea-
surement of the coefficient of enrichment we used the setup whose scheme is presented in
Fig. 1. A copper block 60 mm in diameter and 70 mm high with two working chambers with
volumes of 10 cm® each was placed in a vessel with a boiling temperature-controlling liquid,
the vapors of which were condensed in a condenser. The boiling point of the temperature-
controlling liquid was determined by the air pressure in the cylinder. On account of the
rather large volume of the cylinder and the constant conditions of boiling, the pressure in
the thermostat system and the boiling point of the temperature controlling liqiud were pre-
served with high accuracy in the process of the experiment. The pressure difference was
measured with the aid of a brass mercury differential manometer and a KM-6 cathetometer. The
use of mercury, despite its great density, was due to the necessity of minimizing the sol-
ubility of the gas in the manometric liquid, especially in the high-pressure region.

The differential manometer was placed in a warming jacket together with the tubes in
order to exclude condensation of BCls vapors in them. Up to 300°K the absolute pressure
was measured with mercury manometers, above it, the pressure was determined according to the
curve of the dependence of the saturated vapor pressure of BCls on the temperature, consider-
ing the temperature of the copper block of the thermostat. The accuracy of the measurement
of the latter was ensured by the duplicate measurements of the temperature and pressure of
the boiling temperature-controlling liquid.

The boron trichloride used in this work (both enriched with '°B to 86.5% and of the
natural isotopic composition) was produced from BFs according to the reaction

BF, 4+ AICl, — BCl, + AlF;.

Its purification was achieved by several vacuum redistillations at 190 and 210°C, followed

by distillation of BCls on a packed glass colum 15 mm in diameter and 1 mm long at the
normal boiling point. The temperature dependence of the saturated vapor pressure of purified
BCls of the natural isotopic composition coincided highly accurately with the published data,
which was a criterion of the absence of impurities that might have influenced the results of
the measurements.,

Translated from Atommaya ﬁnergiya, Vol. 49, No. 2, pp. 98-101, August, 1980. Original
article submitted June 26, 1979, revision submitted January 24, 1980.
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Fig. 1. Scheme of thermostat: 1) thermal
v insulation; 2) casing with heater) 3) work-
3| BH A ing chambers; 4) copper block; 5) condenser;
22— 6) viewing window; 7) cylinder of manostat;
T 8) differential manometer.

-8

TABLE 1. Values of the Coefficient of
Enrichment at Various Temperatures, Deter-—
mined by a Differential Method

Tempn IR ) Rel. error,

K 149-5 Pa Av, Pa £ 0]0
278 0,758 188,49 0,0036 4,3
285 0,971 203,5 0.0030 4,0
300 1,714 2554 0,0021 3,3
313 2,027 268,2 0,0014 48
338 4,852 2003 00,0008 3,7
350 6,469 305,09 €,0000 S84
393 16,072 325,8 0,0002 2,9

To ascertain equality of the temperatures of the two working chambers, control experi-
ments were conducted at 285 and 393°K, in which both chambers were loaded with boron tri-
chloride of the natural isotopic composition. In this case, with an accuracy within 0,01
mm, no difference was noted in the levels of mercury in the differential manometer.

The results of the experiments are presented in Table 1. The pressure difference Ap
was determined according to a large number of measurements, in the process of which the sam-
Ples in the chambers changed places. The standard deviation in the values of Ap was 3,1 Pa.

When nonmonoisotopic samples are used, according to [5, 6], the coefficient of enrich~-
ment is expressed by the formula

A Bp :

E=2r (ce:r—cn\ (1+ T ) 1)
obtained with the assumption of ideality of the liquid phase and equality of the second
virial coefficients of isotopically substituted molecules, which is fulfilled in practice for
all the isotopes, with the exception of hydrogen and helium isotopes. Here p§ and p2 are the
saturated vapor pressures of. the pure components, Cgopny and C, are the concentrations of en-
riched and normal samples, B is the second virial coefficient. The unknown quantities p} and
pe entering into this formula for BCls can be replaced by the corresponding values of the ab-
solute pressure of samples of the enriched and natural compositions with an accuracy within
0.06%, after which the formula for calculation of € takes the following final forms

o Bp Bp, , ‘ : (2)
- Pz (Cenr—Cn® (1 RT ) -
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6003 Fig., 2. Dependence of the coefficient of

enrichment on the temperature: O ) differ-
ential method, @) method of fractionationj
v, &, 0, m ) data of [1-4], respectively.

0,002

0,001

0

1
400 LK

In the calculation of the second virial coefficient we used the force constants of
interaction for the Lennard-Jones potential, cited in [7]. Within the investigated temper-—
ature region the value of B remains negative, so that the correction for nonideality of the
gas phase led to a decrease in the coefficients of enrichment. Within the entire investi-
gated temperature region, the compound 11BCl; proved more volatile., As can be seen from
Table 1, the coefficient of separation decreases separation with increasing temperature. It
should be noted that the increase in the relative error in the transition to the temperature
313°K is caused by a change in the method of determining the absolute pressure.

Determination of the Coefficient of Enrichment on a Column. For the determination of
the coefficient of separation of boron isotopes in the fractionation of BCls at 300-438°K,
we used a column with inner diameter 15 mm and length of the packed portion 1.5 m, filled
with packing of segments of a triangular wire spiral 2,2 x 2 mm.. The column had an evapora-
tor with a 500~cm® capacity with an inner electric heater. Together with the evaporator, it
was surrounded by a vacuum jacket with a compensating electric heating element situated above
it. The condenser was cooled with flowing water, -its upper part was connected to a cylinder
in which a set pressure of argon, determining the temperature of the process, was maintained.
On the column there was a device for measuring the irrigation flux. The column was made of
stainless steel, while the tubes of the level gauge and flow meter were made of thick-walled
glass, which permitted work up to the critical pressure 3.87-10° Pa.

The small values of the separation factor and their substantial decrease with increas-—
ing temperature excluded the possibility of use of methods of determination of € according
to an analysis of the dependence of the concentration on the collection and according to the
kinetics of the change in the composition in the period of a nonsteady-state process. There-
fore, all the experiments were conducted with complete irrigation and a fixed evaporator
power of 33 W.

For a determination of the temperature dependence of the coefficient of enrichment ac-
cording to the values of the equilibrium separation factor obtained as a result of the ex-
periments, we used the values of the height of an equivalent theoretical plate (HETT), cal-
culated by the method of [8, 9]. In view of the small column diameter and the large values
of the irrigation density, the number of zones of complete statis ) can be assumed equal to
zero, and the following formula can be used for the determination of the HETT:

HETT = i , (3)

) r‘.’.
qr __’_5 qc ( i_?_) 11 I'm
_6111)8(1 112)+4an t=— 57 ""70”1)1_

which in the region of the loads used leads to an error of no more than 10%. For packing

of segments of a triangular spiral 2.2 x 2,0 mm, the number of elements in a unit volume

N = 100, equivalent radius of the channel R = 0.7 mm, and the averagevalue of the sine of

the angle of inclination of the elements of the packing i = 0.9. The remaining quantities

in this formula are: the volume flows of gas in the ring and central regions of the channel
qr and q., the radius of the central region ro, the liquid flow rate T, and the film thick-
ness m, depend on the load and the working conditions (temperature and pressure in the column)
[10]. The formulas for their calculation and the sequence of operations were described in
det?il in [8], the diffusion coefficients Dg and Dy were calculated according to the formulas
of [11].

The results of a calculation of the HETT and the experimental values of the equilibrium
separation factor are presented in Table 2. It should be noted that work at a fixed power of
the evaporator led to an increase in the load with increasing temperature on account of a
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TABLE 2. Experimental Values of the
Equilibrium Separation Factor and Calcu-
lated Values of the HETT for Various

Temperatures
) Iiriga- casl
Temp.,| Pressure tio;% Callcé of | No. of | Equilibrium
K in goln. | density, XI%%T stages in| separation
10-5 Pa 2 ’ column factor q
| (kg/(m®+| cm 0
sec)
300 1,71 0,9% 1,90 70 1,215
340) 5,05 1,00 1,9 | 71 | 1105
370 10,10 1,13 2,0 70 1,065
410 20,77 1,46 2,2 68 1,032
430 28,3 1,88 2,3 60 1,019
438 | 31,8 1,96 2.7 56 1,013

decrease in theheat of vaporization. In this case, the increase in irrigation density de-
termined a more rapid increase in the HETT than the competing influence of the actual temp-
erature of the process on the HETT.

The dependence of the coefficient of enrichment on the temperature obtained on the
column is presented in Fig. 2. Since € is determined by the expression ¢ is determined by
the expression € = h 1ln qo/H (where h = HETT, while H is the height of the colum), the ab-
solute error of Ae was calculated according to the formula

Ln g I 1n g h
Ag = m Al + 7 AH+TVO Aqy. 4)

In the entire region of measurements, Ae did not exceed %0.0005.
DISCUSSION OF RESULTS

As can be seen from Fig. 2, the results of the two methods are in rather good agree-
ment. Moreover, in the region of the normal boiling point of BCls, the two methods gave
results close to the data of other authors, which also indicates correctness of the methods
used, including the new method of estimation of e according to the calculated value of the
HETT. However, even if we refrain from estimating e, the dependence of the equilibrium sep-
aration factor obtained on the column unambiguously indicates a deterioration of the separa-
tion with increasing temperature and a virtual disappearance of the separating effect at a
temperature close to the critical value, This conclusion is correct despite the large neg-
ative error in the region close to the critical temperature.

The temperature dependence of the coefficient of enrichment obtained is evidence of
the inadvisability of using the method of fraction of BCl,; for the production of boron iso-
topes. )
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POSSIBILITIES OF PROTON-ACTIVATION ANALYSIS FOR DETERMINING
THE CONTENT OF ELEMENTS FROM SHORT-LIVED RADIONUCLIDES

V. A. Muminov, S. Mukhammedov, UDC 543.53
and A. Vasidov

The proton-activation method of analysis used when determining trace elements in ma-
terials from their nuclear properties is not suitable for instrumental neutron-activation
analysis [1-3] or for investigating the elementary composition of the various parts of sam-
ples [4]. For multielement analysis, we mainly use relatively long-lived radionuclides [5-
7]. We can develop highly sensitive and rapid methods of activation analysis using charged
particles on the basis of nuclear reactions that form radionuclides with halflives Ty/2 <
1000 sec., However, few articles have so far been published on methods of determining ele-
ments from short-lived radionuclides. '

Reference [8] indicates the possibilities of determining eight elements with Z = 34 in
13 matrices by the active products of reactions with 1 =T,/, =60 sec., To determine ele~-
ments with concentrations 1077 — 107*° g/g, we must often use radionuclides with T,/, > 1
min [9]. Rapid methods of determining nitrogen [10-12], carbon, magnesium, silicon [13],
and sulfur [14-15] have been developed. Nevertheless, there have been very few articles
published up to the present that investigate the possibilities of determining elements by
the use of radionuclides with T;/2 = 10-1000 sec that arise out of reactions based on pro-
tons. In a previous article [16], we estimated the sensitivity of determining sulfur, chrom-
ium, nickel, copper, zinc, and molybdenum by the proton—activation method, which proved to
be comparable with the sensitivity of other nuclear-physical methods. In the present article,
we assess the possibilities of determining 20 elements by measuring the emission of y quanta
after activation by protons with energies Ej = 12 MeV, and we also give the results of in-
vestigations of nondestructive, rapid, and selective methods of analysis.

~ In the nuclide that is most widely distributed in nature, the reaction has a large sec-—
tion, and in this instance a radionuclide with T,/z > 1000 sec is induced. In this case, we
are not considering nuclides with a natural occurrence of less than 1%, radionuclides with
relative intensities of y quanta of less than 1%, or elements which in their reactions with
protons do not form radionuclides with T,/ = 10~1000 sec. Determining these elements by
proton-activation methods of analysis is of particular interest, since it is especially dif-
ficult to determine them by any other means, in view of the unsuitable activation character-
istics of the reaction., We therefore, in the present article, compare the analytical param-
eters of the various nuclear methods of analysis.

Experimental Technique., In our experiment, we used a 150-cm cyclotron of the Institute
of Nuclear Physics of the Academy of Sciences of the Uzbek SSR accelerating protons up to an
energy of 18 MeV. The samples were irradiated with the aid of a semiautomatic installation
equipped with a pneumatic rabbit (Fig. 1). The sample, held in a Duralumin target holder, is
fed to the position of irradiation along a polyethylene tube by the action of compressed air.
The target holder is stopped in a small chamber partitioned off from the main chamber by a
thin nickel foil (v 20 pm). The center of the cylindrical target holder coincides with
that of a 10~mm collimator. The former is pushed against a rubber seal and limit switch by
the action of the compressed air. The limit switch then cuts off the supply of compressed
air. The beam is first conducted to a refrigerated "'Shutter" which, after receiving the
target holder, is opened by an electromagnet on the command of the limit switch to start the
irradiation of the sample, The exposure time is set with the aid of a relay. The small
chamber is insulated from the large chamber by Teflon. The target holder is served by a
Faraday cylinder. After irradiation of the samples, the shutter closes and the target holder
is transported by compressed air to the position at which the radiocactivity is measured. The

Translated from Atommnaya énergiya, Vol. 49, No. 2, pp. 101-105, August, 1980. Orig-
inal article submitted September 28, 1979.
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TABLE 1. Emissions of y Quanta Yy [10® quanta (sec+ pA)] and Sensitivity in Deter-
mining Elements at Ep = 10 MeV [107° g/(g-pA=1')] :

Yy Sensi-
Determined element | Energy and in- £, MeV tivity of
and product of re-  |tensity of quanta r analysis®
action 6 ‘ 7 | B | 9 \ 10 ‘ I ’ 12
|
1013 —» 10Q 0,7118(100) 1,6 3,3 6,13 9,8 15,2 ] 2600
130 — 13N 0,510(200) 150 270 340 400 A30 470 00 3,70
N - U (3,510(200) 480 720 1760 25050 3400 4160 HOOw 0,5
1N - 140 2,312(99) - 197 A10 650 950 1144 2.5
150) — 13N 0,510(200) 480 a6t 1400) 1800 2500 20600 0,9
HNa — BMg 0,439(9,1) 1 30 42 4 10 ] 430 174 160
22Cy — 52MMn 1,434(18) - Mo 2400 3480 5200 7120 0.5
SON| — 60Cu 1,332(88) 42 42 183 325 570 035 5,1
475y —> 64(Ga 0),991(43) . 21 40 65 79
8085¢ — 803p 0,612(7) 0 136 176 24 250 280 308 6,0
e > T p 0,127(30) 5,5 15 28 hh 603 07 134 | 260
MBr — 8p 0, 190(65) G 21 A6 7% 110 147 200
BIY - samyp 0,578(100) 80 180 300 440 5495 5,5
9% — “0mNp 0,1225(71) 16 38 68 A2 -
Mo — e 0,773(97) . 0,06 30 68 760
N2GH — 112y 0,61 7127 ,6) 39,6 38 130 198 260 12
HBSH) — 168 1,203(88) 4,0 9,5 16,8 25 35 q 59 47
HESh — 1185 1,230{100) 9,8 14 18,6 24 29,0 fa3t]
1208y 1203, 1,171(2) 0,8 10,8 14,4 17,4 2.5 [ 110
1B — 134 i 0,6049(100) 0,1 0,3 0,6 1,2 2.1 | 2600
THRa — L6, (0, 8185(2,5) 0,1 0,3 0,9 1,1 2.1 3200
L — 1wmCe 0, 754(93) 9,2 22 43 78 128 370
HLpy 5 1ImN| 0,755(92) : 0,2 18 25 75 84
TN — 102 1,575(3,3) .0 0,3 0,6 1,2 2,0 [ 2600
TROW — 1R0R¢ 0, 902(49, 4) 0,6 2,0 4,8 | 2670

*The sensitivity isexpressed as the quantity of the element being determined per
1 g of the material at which irradiation forms a radionuclide with an activity of
1000 v quanta/min (T,;/2 £ 1 min) and 100 y quanta/min (T;/2 > 1 min).

time needed to transport the samples to the measurement station, a distance of 15 mm, is 1-5
sec, Behind the shutter on the same side as the sample there is a drum with twelve holes

for selecting absorbers. The drum can be rotated by a motor. The energy of the protons is
reduced with the aid of aluminum absorbers. In view of the fact that at proton energies

> 12 MeV a large number of interfering reactions of the (p, 2n), (p, 3n), (p, pn), (p, d),
etc. types take place, this energy was chosen as optimum. The charge on the Faraday cylinder
was measured by a current integrator. »

Various compounds of the experimental elements type CLDA served as target, being glued
to the surface of the foil by a sticky suspension of polystyrene dissolved in dichlorethane
[9]. This film was subjected to irradiation by a 0.01-0.3 pA beam of protons for 5-20 sec.

The activity of the radionuclides was measured with the aid of a semiconductor Ge(Li)
detector with a working volume of 90. cm® connected to a multichannel AI-4096 analyzer. The
energy resolution of the detector was not lower than 9 keV for the 1330 keV ®°Co line., The
memory of the analyzer was divided into 16 groups of 256 channels, the information in the
last group being accumulated to the extent that the first group is filled. We were thus able
to measure the activity of 16 targets which facilitated our work with short-lived radionu-
clides. The detector was energy calibrated and the relative efficiency was measured with the
aid of precision sources of y quanta.

Discussing the Results. Depending upon the halflife of the nuclide, the films were
irradiated either separately as one sample or as several samples by combining them in a stack.
The emission of quanta from the thin targets can be found by employing the expression

-4
Y, [Ep] = Straget ref /[ty feqhz (1 —e Mrad) X
x (1—e Mm )] [y quanta- cm?/(sec - pA - mg)],
where S is the area of the photopeak in pulses, trads tms trefs irradiation, measurement of
radioactivity, and sample refrigeration times, respectivel, sec, €, efficiency of the de-
tector, f, proportion of the element being studied present in the target by weight, Ax, thick-

ness of the target, mg/cm®, q, accumulated charge, uC, X, decay constant, sec™', the emis-
sions of the thin targets are summated over an interval of thickness, the differences of the

(1)
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Fig. 1. Diagram of equipment with pneumatic
rabbit for irradiating samples in a cyclotrons
1) beam of protons, 2, 7) graphite collinatorsj
3) refrigerated shutter; 4) drum with absorberss
5) motor; 6) insulating ring; 8) nickel foilj; 9)
flange; 10) tube for feeding compressed air; 11)
polyethylene tube and penumatic rabbit; 12) tar-
get holder; 13) limit switch; 14) monitor; 15)

sample.
«len 32 AR ]
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Fig. 2. Emissions from thin targets of certain
radionuclides formed by the reactions (p, n); a)
1(x4): '°Be » '°C, 2 (x 0.2)s **“Ba » '*"La,
b) 1: *“N - 0, 25 ?3Cr > °*M™m, c) 1y *°Na>
ZSMg, 2: 113Cd > 1121n.

rangeé corresponding to the initial energy of the protons and the range of the reaction,
gives us the emission of y quanta for a thick target:
R ' ’ - 5
Y, =Y, [Epl Az (y quanta/(sec- uA)), (2)

where R is the range of the particle, mg/cm®. The relationship of YY to pfoton energy is
built up by using a "range—energy" table [17].

Figure 2 shows the emissions of Yy quanta from the thin targets. Table 1 gives the
emission of the more intense Y quanta from thick targets for the proton energy range 6-12
MeV. Table 1 also shows the sensitivity in determining elements at Ep = 10 MeV.
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TABLE 2. Comparison of the Emissions of Radionuclides Formed by Activation of Ele-
ments by Various Nuclear Particles

Activation by protons* Activation by fast * Activation by slow neu- | Activation by y quantag
neutronst ‘ trons +
6 6 6 6
nuclide ¥, 10 nuclide ¥, 10 nuclide ¥, 10 nuclide Y, 10
decays. decays. decays. decays:'
sec= Lo} sec-t. g : kec™legm ! sec~ .5t
103 — 10C, 57,3 npg > 1pe 14,6 .
N - 140 6074 ,7 14N — BN (3,3 MN — 1IN 70
ZiNa — Mg 8459 1 23Na — ZNe 1009 2iNa — Na 6640 2INa — 22Na 0,0009
52Cr — 52MMn 7102 2Cr — P2V 59,1 0Cr — 5ICY 82,4 MCr - BCr 2
SON§ — 60Cu 23062 "8Ni — *8Co 0,007  “4Ni — 95N 428 PN — ATN{ 0,3
670 - $4Gg 287 647 —> 64Cn 0,5 G8/p — SNy .4 G/ > S 50
8050 — BI[3r 1316 7850 — TS0 150,7 8Se — 81G¢ 16900
TRr — MKr 1158 “Br — T83r 134,8 R — A 203000 e - ARy 500
B[y — 8IMKr (39,5
89Y - 8amyyp 1579 89Y — Samy . 270,6 89Y — 90y 932 89Y _» 88Y 0,04
!)OZI- — SJOIHNb 281 ’6 !)-er —_ 94\" ()’18 HGZI' — ”771[' :;77 !D(IZr — S!)y‘r ()’7
“2Mo — 927T¢ 3,21 1 **Mo — *'"Mo 4,98 [ "Moo — 10M 11,3 BMo — 1Mo 20
2G4 — 112 2451,4 LG — 11mG 0,79 | HCd — 11im 3,81 | MUCd - "Ag 0,1
]l(isn — l](;sb 180’4 |
1188 — 1188h 80,8
1208 — 120Gh | 3130,4 1248 — 1238 2,4 1249 — 12581 0,037 1128n — 1115y 3
1343a — 4] a 2,8 1HE3q — 137 P 289,2 1A — 193a 42,6
1363 —» 136, 88,3
10,9 — 139M(Cg 200,9 1397, a — 1407 q 6450
]4]]1[- — ]41mN(l 8/,’8 141'[)1. > 14()])1- 574’1 ltlllll. — Zl42|')l. 151()“ 141]‘)1. > 14(1])1. 1000
42N (| — 2P 79,2 BN — 13IN( 3200 LN — BTN 20
IBOW - 180Re 3.4 1B6W — 186myy 43,6 THOWYW - 18TW 9790 LBV - 185\ 0,05

*Proton current 1 pA/cm?.

tNeutron current density 10° cm™?"sec™?, energy 14 MeV, trag = 5 min [18].
tNeutron current density 10'% cm~?*sec™?, tyaq = 1 h [18].

$#Electron current 100 uA, energy Ey = 25 MeV, t,.,q = 10 min [19].

2

ra

The quanta were emitted from various nuclides at a level of 107~10'° quanta/ (sec-uA).
A sensitivity of determination of (2670-0.5)+10"° g/(ge pA~') is achieved with the samples
irradiated up to saturation by a 1-pA proton beam current in cases where the protons of the
matrix (Li, Be, B, Al, Mn, Co, Eu, Ta, Bi, etc.) are not activated or where radionuclides
with short halflives are not formed and where the concentration of other traces is below
10~7 g/g (which means that they do not have any marked influence on the analysis). TIn all
other cases, the sensitivity of nondestructive testing by activation analysis varies over the
range 107°~10"7 g/(g° pA~*') depending on the emission of radionuclides from the base and trace
impurities, The sensitivity in determining chromium, nitrogen, nickel, selenium, yttrium,
cadmium, and promethium is 5-107*° to 4-1077 g/ (ge pA~'), while that for other elements is no
worse than 2-10"° g/(g°pA™?Y).

As regards the specific use of various nuclear methods in elementary analysis, it is
of interest to compare the emissions of radionuclides arising during activation of the ele-
ments by protons, thermal and fast neutrons, and high-energy v quanta. Table 2 lists the
radionuclides that have the highest emission when activated by penetrating radiation. As
we can see from Table 1 the emissions of radionuclides arising following activation of the
sample by protons is always 10-10° times the emission of active products of reactions based
on fast neutrons. Furthermore, it is mainly long-lived radionuclides that are formed when
elements are activated by slow neutrons, and the emissions of these are close to the emission
by protons. Sodium, selenium, bromide, barium, neodymium, and tungsten all have high emis-
sions. If we use Yy quanta during the activation, then the emissions of the products of
photonuclear reactions with Mo, Br, and Pr are 2-10 times as great, and in all the remaining
cases lower by factors of 10-1000 than the emission of the radionuclides formed by nuclear
reactions with protons. '

We can see from what has been said so far that irradiation of samples for short periods
with high intensity beams of protons is a way of determining the majority of the groups of
elements studied, with a limit of observation of 10~°-10"° %,
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We have, therefore, shown that proton activation analysis by means of short-lived
products of nuclear reaction has the following advantages over other methods of analysis:

The sensitivity of determining elements is (2670-0.5)°10~° g/(g'uA'x),\which in the
majority of instances is 10-1000 times the sensitivity of other methods. When large proton
fluxes are used (> 1 uA), this limit will be lower.

The methods are nondestructive and rapid in use and the cost of determining one ele-
ment is less than the cost of analysis by means of long~lived radionuclides, since the time
needed to irradiate the sample is markedly lower.

The nondestructive analysis of matrices having large activation sections for thermal
and fast neutrons and Y quanta is possible.

The content of elements can be determined, which would be impossible using other
methods, due to interference.

The method can be used for multicyclic and automated analysis.

The method has certain drawbacks, however, connected with difficulties in suppressing
the background due to the more long-lived- radionuclides (particularly when the number of
these is large) and the Compton distribution arising out of annihilated quanta with constant,
high levels of intensity, since almost all the radionuclides decay by radiating gt particles.
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SPATIAL DISTRIBUTION AND BALANCE OF ®H and *®7Cs IN THE BLACK
SEA IN 1977 ’

S. M. Vakulovskii, I. Yu. Katrich, : UDC 551.464.6.02
Yu. V. Krasnopevtsev, A, I, Nikitin,
V. B. Chumichev, and V. N. Shkuro

Studies of the behavior of radioactive impurities in the sea are aimed primarily at
human radiation safety and at preservation of the natural resources of the ocean. Particular
attention should be paid to radiocactive contamination of seas with restricted water exchange,
including, in particular, the Black Sea, since this type is the most sensitive to contamina-
tion of technological origin.

At present the °°Sr content of the Black Sea has been fairly well studied [1-5]. The
reserve of '*7’Cs, however, has been estimated on the basis of limited experimental data
{2, 3]. There is no published information on the content of *3>7’Cs in bottom sediments of
the Black Sea or on the reserve and constituents of the tritium balance.

To obtain more detailed data on radioactive contamination of the Black Sea, samples
of seawater and bottom sediments were taken on board the research ship Mgla during September
and October 1977. Water samples were taken by a stainless-steel bathometer, while bottom
sediments were sampled using a Okean-0.25 bottom scoop. The sample volume was 2 liters for
determining *H, and 100 liters for *2®7Cs. The °H radiometry in the water samples was con-
ducted using the liquid of Mark-II and SL-30 scintillation spectrometers after preliminary
enrichment by the method of electrolysis [6]. The error in measuring the minimum activity
did not exceed 35%. In determining the '®7Cs, water samples were passed through a column
with selective sorbent [7] on board the ship. The degree of cesium extraction was 80%.
Samples were measured using a low-background y-ray spectrometer (detector with well), The
minimum detectable **7Cs content for a 100-liter sample was 0,05 pCi/liter (1 Ci = 3,7.10%°
dis/sec) for a measurement time of 10 h and a relative error of 50%. The '®’Cs content in
bottom sediments was determined from measurements of dried samples of the bottom using a
DGDK~-80 detector.

The mean >H concentration for surface water (Fig. 1) in the eastern part (the boundary
between the parts being the 36° meridian) was (60 * 6) tu, in the western and northwestern
part it was (48 % 10) tu. In the western part there is a distinct shore region (from the
Bosphorus to the mouth of the Danube) with a mean ®H concentration of (35 * 3) tu.

One possible reason for this distribution of ®H over the water area is differences in
its intake with atmospheric precipitation. The mean annual precipitation increases from
400-600 mm/y in the west to 1700~5000 mm/y in the east in the Sukhumi-Batumi region [8].

The concentration of ®H in atmospheric precipitation over the entire water area is the same,
while the amount of precipitation in the various regions of the sea and the adjacent shore
areas is similar. The tritium concentration in surface water in 1977, as averaged over the
entire water area, was (51 % 3) tu, while in the layer from 0 to 100 m it was 36 tu, or
around 40% lower than in 1973 [9]. :

The distribution of *®7Cs in surface water is more uniform than that of *H, The aver-
age concentration for the entire water area is 0.53 * 0,03 pCi/liter, except for the north-
western part, where the mean '®’Cs concentration is lower than in the remaining area, by
approximately a factor of 1.3. This is evidently to be explained by the influx into this
region of river water with a low **7Cs concentration [10].

Measurements of °H and **7Cs concentration at various levels revealed that the distri-
bution depth of these radionuclides is the same as in the eastern and central parts. This
made it possible to obtain averaged concentration profiles for these regions (Fig. 2), which

Translated from Atomnaya ﬁnergiya, Vol. 49, No., 2, pp; 105-108, August, 1980,
Original article submitted September 28, 1979. ’
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Fig. 1. Concentration of tritium at
various sampling points on voyage of re-
search ship Mgla in September-October
1977 {(the numerator represents the number
of the points, the denominator the tri-
tium concentration in tu).

Cres, rel. units
0 g2 g4 gs g8 10
@m

500
Fig. 2. Averaged vertical pfofile of
concentration of *H (open circles) and
'27Cs (solid circles). The number of

1000 o averaged values is given in parentheses

) (for convenience in reading the figure,

the experimental points are somewhat
shifted vertically).

1500 f-}o(5)

200014 (3)

were normalized to the surface concentration and can be satisfactorily approximated by an
exponential relationship:

Ch = 0.96 exp (—0.693 h/hy;,) + 0.04,

where Ch is the *H or **7Cs concentration at depth h, relative units, h, sampling depth, m;

and h,/;, depth (82 m) at which the concentration of the radionuclide decreases by a factor
of 2. : ' :

It should be pointed out, however, that the depth distribution of °H in the region
adjacent to the Bosphorus differs from that in the central and eastern portions of the
sea. This is clearly manifest in the depth distribution of °H on the Bosphorus-Sevastopol
section (Fig, 3). The differences at points 5, 4, 3, and 2 may be explained by penetration
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Fig. 3. Isolines of tritium concentration

(tu) on the Bosphorus-Sevastopol section
in September-October 1977,

TABLE 1. Reserve of °H and '*7Cs in Black Sea in September—~October 1977
Layer, m Volume of Mean conc, * Reserve, Ci fe[saé%i&n Of,]OtOtal
water in 1ayer 3 137( C ST, 106 135 104 S 135¢
: 7 S, ; 3708, 100 Bt 3708
10% km® [11] 1. tu L. pCL/

0—100 37 35,5-£3,7 0,45-£0,04 4,340,5 16,6415 5 45
100—300 62 12)853.2 0.4820.04 206407 1.24:2.5 21 30
300—500 60 5,0£2,5 0,0540,02 1,0-£0,5 3.051,2 8 8
500—1000 141 4,242,0 0,02°£0,006 1.94-0,7 2,853:0,8 15 7,5

1000—1 500 127 3,0-+1,6 0,0154£0,007 1,440.7 1,0-4-0,9 2 i}
1500—2000 114 2.750.7 | 0,015£0,007 1,040,3 1,74:0,8 9 4.5
Total 541 — — 1243 3718 100 100

*The mean concentration in the layer was taken to be equal to the half-sum of the

mean concentrations on the boundaries of the layer.

of the denser surface water of the Sea of Marmora into the deep layers of the Black Sea. The
data obtained on the distribution of °H and *®7Cs in surface and deep water enabled us to
calculate the reserve of these radionuclides in the sea (see Table 1).

The layer-by-layer reserve of ®H and '?7Cs was determined by multiplying the (layer-

average) concentration by the volume of water in the layer. The mean '®>’Cs cancentration in
the layer at a depth of 1-2 km was obtained by combining four samples taken in this layer on
different sections, and by subsequent measurement of the combined sample. The reserves as
thus computed in the water of the Black Sea amounted to (12 * 3) MCi of °H and (37 + 8) kCi
of *2*7Cs, Around 65% of the °H reserve, and more than 80% of the '>7Cs reserve, is found in
a layer = 500 m. The ratio of the ®H and '®7Cs reserves is around 330.

To obtain the total '2®7Cs reserve it is also necessary to determine the reserve in
bottom sediments, which are good absorbers of cesium [12]. The 137¢s content in samples
taken at depths to 150 m varied from 80 to 30 mCi/km® with a mean value of 47 mCi/km?.
content of - *?7Cs in deep—water bottoms is much less than that in shallow water bottoms.
example, the value 0.4 mCi/km® was obtained for a sample from a depth of 660 m. Assuming
the *®7Cs content to be 47 mCi/km? for depths to 150 m and 0.4 mCi/km® for the remaining
part of the sea, we can determine the '27Cs reserve in bottom sediments to be 5.2:10° Ci, or
around 147 of the seawater reserve. Thus, the total reserve of 137cs in the sea is (42 * 8)
kCi, or 98 mCl/km , this agreeing with the !27Cs reserve in soils for the given latitude band
(100 mCi/km® [13]).

The
For
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It is of interest to estimate the >H and *®7Cs reserve in the Black Sea on the basis
of individual constituents of the balance. Such an estimate was first made for '3®7’Cs in
[4]. In the present study, we computed the °H and '?’Cs reserve under the following assump-
tions: '

there are no local sources of ®H and *®7Cs input into the seaj

input of °H as a result of molecular exchange with the surface of the sea is equal to
twice the input with atmospheric precipitation, by analogy with [14, 15];

®H concentration in river water is equal to its concentration in precipitation of the
given region [9].

Loss of °H through evaporation from the water area was not taken into account for the
following reason. If we assume that the °H concentrations in evaporating moisture and in
the surface water are the same, and assume that all the incoming *H is concentrated in a
layer = 50 m, then the annual evaporation loss will not exceed 1.77% — on the basis of the
ratio of the volume of water evaporated per year to the volume of water in a layer = 50 m.
Since ’H does in fact penetrate to layers more than 50 m in depth, the evaporation losses
are even smaller and can be disregarded. For the same reason, outflow of *H to the Sea of
Marmora and Sea of Azov as well as intake via the Bosphorus, was not allowed for (the annual
volume of water exchanged amounts to 1.8, 0.3, and 0.97% respectively of the volume of water
in a layer =50 m). We also disregarded the intake of **’Cs with river drainage, because
of its low concentration in river water.

Data on *H fallout with precipitation during 1953-1970 were taken from [16], while
for 1970-1977 we employed the averaged results of our measurements for Odessa, Rostov-on-Don,
and Tbilisi. Intake from the Sea of Azov was computed by multiplying the *H reserve in the
Sea of Azov by the fraction of water entering the Black Sea via the Strait of Kerch. The
®H reserve in the Sea of Azov was estimated in the same way as for the Black Sea. Data on
137¢s fallout along with global atmospheric fallout were taken from [13], data on '*7Cs and
®°Sr concentration were taken from [3, 17-19] in computing the exchange with the Sea of
Marmora and Sea of Azov. The >H margin in the Black Sea for 1977 as thus computed amounted
to around 13 MCi (around 50% coming from molecular exchange, around 25% from precipitation,
and 25% from continental drainage).

Estimates of the equilibrium reserve of °H of natural orgin based on the data of [20,
21] regarding the concentration of tritium in precipitation, equal to 8-10 tu, amount to
0.5 MCi, or around 4% of the reserve as determined from the measurement results. This im-
plies that virtually all the ®H in the Black Sea is of artificial orgin. Thus, the data on
®H and *®7Cs reserves as obtained experimentally and as computed under the above assumptions
regarding the intake of radionuclides into the sea are in good agreement. The difference
is 10% for both radionuclides. This is evidence that contamination of Black Sea water by
®H and '®7Cs stems from global sources.
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USE OF PERSONNEL NEUTRON FILM MONITORING TO DETERMINE EQUIVALENT RADTATION
DOSE BEHIND PROTON ACCELERATOR SHIELDING

E. K. Gel'fand, M. M. Komochkov, B. V. Man'ko, UDC 539.1.06.7:539.12.175
M. M. Salatskaya, and B. S. Sychev ’

Attempts have been made [l, 2] to increase the reliability with which the mneutron
dose can be determined behind the shielding of high—energy accelerators by means of person-
nel neutron film monitoring (PNFM). To this end, it was proposed in [1l] to take account of
either the density of stars or the fraction of tracks which begin or end in the emulsion.
In [2], besides type-K emulsion use was also made of N-3 emulsion with a lowered upper en-
ergy threshold of detection.

The results of studies of spectra in the rooms of accelerators and behind their shield-
ing [3-5] allow two main groups to be distinguished: spectra of neutrons which have experi-
enced multiple reflection from the inner wall surfaces of the room (spectra of slowing-down
neutrons) and spectra formed when high-energy neutrons pass through shielding without aper-
tures. In spectra of the first group high-energy neutrons are present in extremely small
numbers since their albedo is small [6]. In spectra of the second group slowing~down neu-
trons are present only in the form of "concomitant" to the leading group of high-energy neu-
trons. In a paper [7] on the experimental investigation of neutron spectra in the JINR
accelerators Aleinikov et al. call the spectra of the first group "soft" and those of the
second, "hard."

In the present paper it is shown how the total equivalent dose of radiation can be
determined more accurately than previously from the tracks formed in the emulsion of a per-
sonnel neutron film badge [1]. The basis for the solution of this problem was the circum-—
stance that tracks in an emulsion have different grain densities, depending on the energy of
the protons which form them. In [8] it was proposed to visually divide tracks in a type-K
emulsion into "black" and "gray." We used the adjective black to describe tracks in which
the fraction of length occupied by grains is greater than the fraction occupied by gaps.
All other tracks were called gray. From the experimental data of [8), it can be concluded
that the boundary between gray and black tracks corresponds to a proton energy of 40 MeV.
The existence of gray tracks indicates the presence of high-energy protons. Fast neutrons
(E < 20 MeV) can form only dark tracks.

Calculations were carried out to find the number of black and gray tracks formed in
the emulsion of a PNFM bdge. The separation into gray and black concerned the projection of
tracks onto the plane of the emulsion. A study was made of the reaction of the badge in
radiation fields behind flat shields of ordinary concrete of varius thicknesses, irradiated
with a broad ‘beam of neutrons of various energy spectra: neutrons of direct nuclear reac-
tions, emitted from targets bombarded with protons possessing an energy E < 10GeV at an angle
8 = 70° (I); neutrons with an energy spectrum uniformly distributed ores the range 3.68-480
MeV (II); neurons with an energy spectrum uniformly distributed over the range 3.68-660
MeV (III); neutrons with a 1/E spectrum uniformly distributed with respect to a logarithmic
variable in the energy range 3.68 MeV-10 GeV (IV). Besides the variation of the neutron spec-
trum and the shielding thickness we studied the reaction of the film badge as a function of
the upper sensitivity limit of the emulsion, which varied from 150 to 175 MeV, The boundary
between the gray and black tracks was varied within the limits 30-50 MeV. The calculation of
track formation by neutrons was carried out in accordance with [9]. The maximum value of
the values of the equivalent dose in the tissue-—equivalent plate (TEP) was associated with
the density of the tracks produced. The energy spectra of neutrons and protons in the range
0.1 MeV < E < E, are shown in Fig. 1.

_Translatéd from Atomnayavﬁnergiya, Vol. 49, No. 2, pp. 108-112, August, 1980.
Original article submitted July 23, 19793 revision submitted March 7, 1980,
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Fig. 1. Energy spectra of nucleons behind con-
crete layer with thickness of 500 g/cm®, whose
surface is bombarded by broad beam of neutrons
with initial spectra I, III, IV.

TABLE 1. Composition of Hadron Field behind 500-g/cm® Concrete Layer with Various
Primary Neutron Spectra¥® '

Neutrons - | Protons |** mesons
Spectium E, MeV
A L0=T-000 | 0,005 0,54 | 220 = 20 | > 3.7 l > 8.7
1 0,36 0,11 L 0,23 . 0,20 0,97 0,034 0,001
Calculati 1T 0,36 0,11 0,23 0,28 0,96 0,033 0,001
alculation 111 0,34 0,11 0,23 0,20 0,95 0,048 0,003
v 0,36 0,12 0,24 0,35 0,82 0,125 0,051
350 MeVT 0,40 0,91 1,0
Experiment 480 MeVt 0,36 - 0,63 1,0
660 MeVt 0,16 0,39 1,0

*Normalization to one hadron of energy higher than 20 MeV,
+The proton energy given is for synchrocyclotron operation with external target.

Calculated data characterizing the hadron field studied according to energy groups are
presented in Table 1. For all of the initial spectra the fraction of cascade neutrons in
the 2-20-MeV group is 10% of their number in the group above 20 MeV. Therefore, the 2-20-
MeV group is represented on average by 707% slowing-down neutrons and 30% cascade neutrons.
The calculated data are compared in Table 1 with experimental results [10] characterizing
the neutron field behind the 2-m shielding of the JINR synchrocylotron. It is seen that the
calculated composition of the neutron field corresponds to the experimental data, although
there are some appreciable differences which can be explained by the difference in the con-
ditions of the calculation and the experiment.

Table 2 gives the results of calculations of the demsity of track formation and the
maximum equivalent dose Hpgx in TEP. The following notation is used here: x, thickness

of the concrete layer (g/cm2); Fnband Fp, fluences of the cascade neutrons and protons
N
P

(particles/cm?); Ny, Np and NE, D, demsities of all the tracks and the black tracks, re-
spectively, formed by the neutrons and protons of the radiation field (tracks/em?); and N,

total density of all tracks (tracks/cm®). ’

Analysis of Table 2 reveals a relatively weak dependence of the given functionals on
the form of the primary spectrum and the shielding thickness. The number of tracks formed in
PNFM badges by protons of the radiation field is roughly 7-20 times the number of tracks
which are caused by recoil protons formed under the action of neutrons of the radiation
field. At the same time, as is seen from Fig. 2, the maximum equivalent dose of fast neu-
trons (E < 20 MeV) is smaller than Hp,y by a factor of roughly 3. It thus follows that if
the number of tracks is interpreted in terms of equivalent dose of fast neutrons, then it
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Fig. 2. Depth distributions of dose and its compo-
nents in TEP behind 500-g/cm concrete layer (pri-
mary neutrons with spectra I, III, IV bombard the
concrete surface): ———) equivalent dose (our
calculation for monodirectional irradiation of TEP);
1) sum; 2) neutrons (E > 20 MeV); 3) neutrons (E <
20 MeV); 4) nt mesons; 5) protons; 6) 7° mesons; 7)
Y rays; — — -) total equivalent dose (calculation
[151); a, b) total equivalent dose and absorbed dose
(our calculation for "real" conditions of irradia-
tion of TEP); @, O) total absorbed dose in TEP and
without TEP (experiment [13]).

TABLE 2. Relation between Track Formation
and Equivalent Radiation Dose (range of
detection of gray tracks 40-150 MeV)

o~ .y Iy
=] Ny
« i = 3 =z

g E = % \k?x \k?x
8| ® | el ol an | S | 2BS| 28T
& N Sl | e = =z =R -1 =N
1 200 | 29,4 8,5 9, 0,72 8,1 4,7 |
500 | 33,5 7,8 4.9 0,75 8,6 4,9

1100 | 39,1 7,1 4.6 0,78 9,2 5,2
1550 | 41,9 6,8 4,4 0,80 9,5 5,3
2000 | 43.9 6,0 4,3 0,81 9,8 5,4

1 200 | 20,6 | 12,2 6,8 0,62 6,3 3,9
500 | 27,0 9,4 5,5 0,68 7,5 4.4

1100 | 33,4 7,9 4.9 0,74 8,5 4,9 -
1550 | 36,2 7,41 . 4,6 0,75 8,9 9,1
2000 | 38,4 7,1 4.5 0,77 9,0 5,1

I 200 | 14,9 | 14,7 . 7,9 0,38 6,0 3.8
500} 21,1 | 10,8 6,2 10,65 7,0 4,2

1100 | 28,1 8,7 5,2 0,70 8,0 4,7
1500 | 31,6 8,0 4,9 0,73 8,5 4,9
2000 | 35,0 7,6 4,7 0,75 8,8 5,0

1v 200 5,5 | 20,9 | 10,2 0,55 7,9 5,1
500 7,31 16,4 8.4 0,59 7,7 4,9

1000 9,6 1 13,6 7.3 0,62 7,9 4.9
1550 | 11,1 | 12.6 6,9 0,63 7,9 4,9
2000 | 12,3 | 11,9 6,6 0,65 8,0 4.9
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is expected that the "true" value is overestimated by a factor of 20-60 and this was indeed
established experimentally in [1].

The depth distribution of the radiation dose was calculated for conditions of normal
incidence on the TEP surface. The data of [11] were taken as the initial data. We also
estimated how sensitive the depth distribution is to the angular distribution of the radi-
ation incident on the TEP surface. Figure 2 shows the depth distributions of the components
of the equivalent dose for conditions of normal incidence with allowance for the angular
distribution ("real" irradiation conditions). The indeterminacy in the results of the cal-
culations for irradiation of TEP with allowance for the angular distribution is due mainly
to the statistical fluctuations of the initial data which we used for the depth distribu-
tions of the dose [12]., 1In Fig. 2 the results of the calculations are compared with the
experimental data [13] obtained behind the side shielding of the IFVE (Institute of High=-
Energy Physics) proton synchrotron. The distributions under comparison were normalized ac~
cording to the adsorbed dose without a TEP; in the calculations this was the thickness of
the TEP (0.5 cm) for conditions of normal incidence of radiation.

As is seen from Table 2 in the radiation fields under consideration the ratio between
the track density and the maximum equivalent dose is quite stable. With this ratio, Hpgx
for unknown fields with a "hard" spectrum can be determined from the track density. In real
situations irradiation behind the shielding of accelerators can occur under conditions char—
acterized by the superposition of "hard" and "soft' spectra., In this case as well Hpax can
be determined. Allowance must be made for the fact that only black tracks are formed in a
"soft" spectrum while the black and gray tracks in a "hard" spectrum are in a ratio which
is determined by coefficient R (see Table 2).

Taking the valuesof thenumerical parameters into consideration, we get the following
expression for determining the equivalent dose of a mixed field of radiation:

Hipax = (6.0 + 0.9) N — (9.8 4 1.8) N%sem, @
where N and Ng pertain to scanning over a traverse of area 0.0225 cm?®.

For a clearly '"hard" spectrum Eq. (1) is of the form

Hypax=(0.27 £ 0.07) N mrem. (2)

In the experimental determination of the track density in the emulsion there may be
subjective errors owing to the indeterminacy of the grain density which in the scanning 1is
adopted as the boundary between black and gray tracks as well as the minimum grain density
when an ordered group of grains is perceived as a track. The latter is particularly impor-
tant for tracks which intersect the emulsion at large angles to its surface. Both sources
of error are taken into account partially when we vary the pertinent initial data. However,
this variation is relatively small and apparently reflects the least error which should be
expected when films are scanned by experienced laboratory assistants. As will be seen from
experimental data given below the spread in the results of scanning of one emulsion by dif-
ferent laboratory assistants is greater than follows from our estimates, although on average
we can speak of agreement between experiment and calculation within the limits of the ex-
pected error.

The experimental data are the results of scans of emulsions irradiated behind the
shielding of the JINR and CERN proton accelerators. The scanning was done by two experi-
enced laboratory assistants according to the proposed scheme of dividing tracks into black
and gray. Using the scan results and Eqs. (1) and (2), we found the equivalent radiation
dose H, which we then compared with the value Ho obtained by the most reliable methods of
dose measurement. Table 3 presents the results of scans of 13 emulsions irradiated at six
points behind the shielding of the JINR synchrocyclotron and synchrophasotron [1] and in
the "hard" spectrum of the CERN synchrotron [1l4]. :

It must be borne in mind that points 1 and 3 (Fig. 1 [1]) were behind shielding without
apertures and channels; therefore, the irradiation conditions at these points are close to
the conditions of the calculation of the dose behind blind shielding, the results of which
are given in the present paper. The radiation dose at points 1 and 2 (Fig. 2 [1]) is also
due mainly to '"hard" spectra. At point 4 (Fig. 2 [1]) the dose is due to a super-
position of "hard" and "soft" spectra. At point 9 (Fig. 3 [1]) in the synchro-
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TABLE 3. Results of Scanning of Emulsions Irradiated in Different Accelerators

Point INo. of tracks on transv, Equiv. dose, mrem .
Device of Hy

meas. Nb N8 N8 Hy Hy Ho

350440 8204180 | 0,430,415 | 320790 420350
GeV, Fig. 3 [1] 140-£10 49030 | 0,2330,02 | 460240 1904-20
CERN proton synchrotron, E Ep - 08 - 5903100 | 15504340 | 0,380,146 | 580160 | 600%90

GeV [14], "hard" spect

JINR synchrophasotron, EP =10

D

]H\IR chrocyclotron, EP = 660 1 340450 5604120 | 0,60+0,15 [ 240470 210470 1,14-0,5
, Fig. 1 1 | 270+40 40040 | 0,66+0,08 | 18050 21070 0,8+0,3

3 | 420450 740290 | 0,560,415 | 31080 3104110 | 1,005

3 | 210450 250440 | 0,85-:0,22 | 120£40 100-40 1,2:£0,5

JINR synchrocyclotron, E, = 660 1 | 24030 6004140 | 0,340,10 | 220-£60 190-£20 1,240,4
MeV, Fig. 2[1] 1 | 270460 6704170 | 0,41+0,20 | 25070 19020 1,3:0,4
2 | 210420 4703400 | 0,4530.11 | 190350 14010 1,340,4

2 | 180220 450160 | 0,404:0,20 | 170160 140-£10 1,2::0,4

4 162 3847 0,41-£0,10 | 1524 284 0,5:-0,2

4 206 649 0,31:60,15 | 2314 284 0,8£0,2

0,8:0,2

0,8+0,2

1,0+0,3

TABLE 4. Results -of Scan of Emulsion Ir-
radiated in "Hard" Spectrum Behind Shield-
ing of JINR Synchrocyclotron

No. of No. of tracks on transverse
N h
scan wb N8 N
1 3404-30 3904-30 7304-40 (0, 874-0,00
2 4304-30 3204-30 To04-44) 1.34:0,1
3 200420 30020 5902300 | 0.9640,08
4 400440 2304-30 6304-50 1,740,3
5 340430 5604-50 Q004-60 0,604-0,08
(] 210420 480430 (904-40 0,454-0,00
7 270i_20 3404-30 610430 0,790,049

phasotron tracks in the emulsion could also have been formed by secondary protons arising
when the primary proton beam passed through a channel close to point 9., The mean value of

the ratio H,/Ho according to the results of Table 3 is 1.0 % 0.2, which confirms that the
calculations are correct.

In order to evaluate the subjective errors, one of the emulsions irradiated in a 'hard"
spectrum was scanned by seven laboratory assistants. As is seen from the data of Table 4,
the results obtained by different laboratory assistants differ substantially. Averaging the
data of Table 4, we get: Nb_= 330 + 60 tracks/traverse, Ng = 370 + 90 tracks/traverse,

k =N /Ng 0.89 + 0.25, and N = 700 # 90 tracks/traverse. The mean deviation of the results
of the scans exceed the statistical errors given in Table 4. :

The equivalent dose found in this case according to Eq. (2) is 191 mrem. The value of
the equivalent dose foun with themost reliablemeasuring methods, in 210mrem, is15-20%. This per -
mits the conclusion that the calculations are in agreement with the experiment. It must be
pointed out that the results given here were obtained by laboratory assistants without prior

training. The subjective error can be reduced significantly as the assistants master the new
scanning technique.

On the basis of the data obtained, we propose the following technique for determining
the equivalent dose. In scannlng the emulsion count the number of black and gray tracks
and then find k = NP/N8. If 0.4 <k < 1.1, then determine the dose from Eq. (2) (the values
0.4 and 1.1 correspond to the limiting values k = 0,71 + 0.16 which was obtained by aver-
aging the data of Table 1 with allowance for the subjective errors in dividing the tracks
into black and gray). If k < 1.1, find the dose from Eq. (1). When k < 0.4, the irradiation
conditions differ markedly from those considered in the present paper (e.g., irradiation
inside the accelerator room), and further studies are called for.

Conclusions., Calculations have been made of the laws governing the formation of the

radiation dose behind the shielding of proton accelerators. Numerical data have been ob-
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tained on the indications of a personnel neutron film badge in the radiation fields studied.
It has been demonstrated that it is possible in principle to determine the total equivalent
dose of the radiation field behind the shielding of a proton accelerator by the PNFM method
if division of tracks into black and gray is introduced into the emulsion scanning proce-

dure. The reliability of the measurements of the equivalent dose in fields with a "hard"

spectrum is higher in this case than when the method proposed in [1] is used; the relia-

bility of the two methods is apparently the same in the case of superposition of "soft" and
"ard" spectra. Comparison of the experimental and calculated values revealed that the com-
putational method employed is applicable to modeling the dose characteristic of radiation be-
hind the shielding of proton accelerators.

The authors express their gratitude to the workers of the personnel monitoring group
of the Radiation Safety Department at the Joint Institute for Nuclear Research (JINR) for
scanning the emulsions.
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EXPERIMENTAL SIMULATION OF RECUPERATOR FOR NEGATIVE—ION INJECTORS

S. K. Dimitrov, A. V. Makhin, UDC 621.039.6
S. V. Turkulets

Injectors of fast atoms obtained from both positive and negative ions are employed to
produce and heat plasma in some thermonuclear devices [1, 2]. 1In both cases the coefficient
of ion conversion to fast atoms is appreciably smaller than unity and, therefore, in order
to raise the efficiency of the injector it is necessary to effect direct conversion (recup-
eration) of the kinetic energy of the unrecharged ions into electrical energy.

The objective of the present paper is to study a variant of a system for recuperation
of the energy of monoenergetic beams of negative ions. The experiments were conducted with
electron beams since electron sources are simpler as is also their operation and the evacu-
ation requirements are less stringent. With electron beams it is possible to experimentally
simulate the effect of some factors on the efficiency of energy recuperation [e.g., the
effect of the geometry of the system, the space charge, and other beam parameters).

The problems of beam slowing-down, in which the kinetic energy of the electrons is
transformed into electric energy of the field and is returned to the external circuit, also
arise in the construction of electron-beam tubes, radio-frequency electron tubes, and elec-
trokinetic electric transmission lines now in the research stage. ’

In our study, wemade an experimental investigation of the problem of slowing-—down and
collection of particles in a recuperation system consisting of a collector with suppressor
and a set of diaphragms setting up a retarding electric field (Fig. la). A similar system
was described in [3]. The surface of the collector is a cone with an apex angle a. An
aperture in the collector along the axis of the system is necessary so that the recuperator
could be used in the injector channel without need to use any deflecting magnetic field
("right through") and so that pumping of gas out of the region of the collector could be
facilitated. In order to block the stream of ions passing through this aperture, a special
electrode producing an ion-scattering electric field is placed behind the collector.

In such a system secondary electrons are blocked by a suppressor whose potential is
lower than that of the collector [3]. In front of the diaphragms is a secondary-electron
collector (SEC), whosecurrent provides an approximation of the number of electrons which are
reflected by the electric field of the system and do not reach the collector as well as
secondary electrons not blocked by the suppressor. The SEC current is part of the loss of
recuperated power in the calculation of the efficiency of energy conversion in the given
system (the recuperation efficiency is the ratio of the electrical power taken from the col-
lector to the beam power at the entrance to thé recuperator).

The apertures of the collector, suppressor, and diaphragms were chosen with allowance
for the angular divergence of the electron beam and the divergence due to the influence of
the space charge in the stream of particles, In order to take the beam to the region of
the collector with minimum losses, we employed beam focusing over the entire retardation
zone. To this end, some diaphragms were given a negative potential roughly equal to the
accelerating potential of the electron gun (see Fig. 1b). Because of this, with this system
it is possible to recuperate beams with a large angular divergence (in our case, §= 8°).

The system was optimized in respect of the potential of the collector U, the suppressor Ug,
and the auxiliary electrode Uy, as well as the apex angle o of the cone.

The dependence of the efficiency n on U with an optimal Ug for each Uc is shown in
Fig. 2. The dependence was measured at o = 30° and optimal U,. The dependence of. n on Ug
with the other parameters at optimal values and a = 30° is shown in Fig. 3. The maximum
efficiency of recuperation at an electron energy of 200 eV was n = 88 % 2%, The decrease in
n as Ug deviates from the optimal value can be explained as follows. Since the suppressor

Translated from Atomnaya ﬁnergiya, Vol. 49, No. 2, pp. 113-115, August, 1980,
Original article submitted September 28, 1979.
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Fig. 1. a) Diagram of recuperator, and b)
qualitative distribution of potential on
electrodes: 1) beam; Wo = 200 eV; 2)
collimating diaphragm; 3) secondary-electron
collector; 4) retarding-field electrodes; 5)
suppressor; 6) collector; 8) auxiliary elec-
trode of scattering field.

serves to form a potential well in the near-collector region, thus stopping secondary elec-
trons from reaching the collector, an increase in Ug reduces the ability of the suppressor
to block electrons. When Ug falls below Ug opt the region of the potential well grows so
much that it covers the region in which the electron beam passes and prevents it from reach~-
ing the collector, reflecting the electrons backwards.

The efficiency of the system with a solid collector (without an aperture and auxiliary
electrode, i.e., without beam scattering at the end of the retardation) proved to be lower
since the potential well set up by the suppressor does not cover the central regions of the
collector and does not stop secondary electrons, as indicated by the growth of the current
from the SEC.

The experiments allowed it to be shown that in order to have maximum conversion effi-
ciency, 90-95% of the beam should be retarded. The influence of the space charge in the
beam, according to [4], is characterized by the dimensional parameter d/r4, where d is the
beam diameter and rq is a parameter with the dimension of length and is calculated from the
current density and beam energy. It was shown experimentally that within the limits of
variation of d/rgq from 0,06 to 0.11 the efficiency remains constant. This is explained by
the fact that the slight beam divergence owing to the space charge, which exerts an influ-

ence on the conversion efficiency, -is compensated by the negative potential of the focusing
diaphragms (Fig. 4). :

The conversion efficiency also depends on the angle which the collector surface makes
to the axis of the system. For maximum slowing-down of the particles this surface should be
orthogonal to the electron trajectories., From the curves obtained. (Fig. 5) it is seen that
the efficiency of such a system reaches its maximum value of 89 % 2% at a collector slope
of 5° (other parameters remaining optimal). )

As was ascertained, an appreciable influence on the electron trajectory (and, hence, on
the efficiency) is exerted by the potential of the electrode forming the scattering field.
The optimal potential U, at which maximum efficiency is observed also depends on the geom-
etry of that electrode. Figure 6 shows the dependence of the efficiency n on U, for an
electrode in the form of a solid cone (see Fig. la). With operation according to the

o
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Fig. 2. Dependence of efficiency n on Ug (the numbers in parentheses are the
optimal values of Ug).

Fig. 3. Dependence of efficiency n on Ug (the numbers in parentheses are the
optimal values of Ucg). .

Fig. 4. Dependence of efficiency on d/rq.
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straight-through scheme, the electrode should be made in the form of a ring. In this case
the potential applied to it must be twice that applied to the solid design studied.

The process of retardation of a 500-keV ion beam in the given system with d/rq = 0.08
was simulated by computer by the "large-particle' method, Figure 7 shows the position of
the beam in the region of retardation and the picture of the equipotential lines. The role
of the scattering electrode (made in the form of a ring) is illustrated. In the given case
there is no necessity to have periodic focusing of the field since the beam emerging from
the ion source has practically no angular spread. The length of the entire system is less
than the distance over which a virtual cathode is formed (of the order.of ry).

The variant of the position of the recuperator in the injector system of a tokamak is
shown in Fig. 8., The recuperator for Dt ions formed as the result of the processes D° pt
and D~ »+ Dt may consist, e.g., of a system of skewed diaphragms [4] which, at Dt-beam param-
eters of d/rd =a0.08, has a 90% efficiency (for a monoenergetic beam).
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chamber;
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erator of D —ion energy.

Thus, the recuperation efficiency in the system studied, with d/rq =

energy (system
7) recup-

—-500 kV

30 kv
-4 kV

0.08-0.1, can be

~ 90%, which is roughly 10% higher than in the system of skewed diaphragms for the same D
beam parameters [5].
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MEASUREMENT OF TOTAL NEUTRON.CROSS SECTIONS OF *°°®Yb and *®°Yb

V. A. Anufriev, S. I. Babich, _ , ' UDC 621.039.556
A. G. Kolesov, V. N. Nefedov, .
and V. A, Poruchikov

In this paper we present data on the total neutron cross sections and resonance param—
eters of *°®»'°°Yb (T,/,= 31ldays). Measurements weremade using the transit-timemethod anda neu-
tron spectrometer mounted on the horizontal channel of an SM-2 reactor. The measurement
procedure was described in [1].

To determine the total neutron cross section and resonance parameters of *°2Yb we
measured the transmission of two specimens enriched with (15.6%). ‘The characteristics of
these specimens are given in Table 1.

Specimen No. 1 was made of Yb,0; powder poured into a sealed aluminum ampule with an
inner diameter of 1.8 mm. Specimen No. 2 was prepared in order to make a more precise de-
termination of the resonance parameters of the "strong" level of '°®®Yb with Eo = 0.590 eV.
A target with *®°Yb was obtained by exposure of a specimen analogous to specimen No, 1 in
the SM-2 reactor to a flux of 3.2¢10%° neutrons/cm®. Several measurements of the transmis-
sion of the irradiated specimen were made over a 175-day period in order to identify the
levels and to determine the amount of *®°Yb,

The amount of *®®Yb was determined from the accumulation of *¢°Tm upon B decay of

1¢%Yb from the following expression:
i,
N i Nl"'lm Nl:ii”l‘m
INisyytpy o — s
’ T—exp [—A ooy Livr — 3] ti 169
where ti is the time of the i-~th transmission measurement, days, NigésTm, number of Tm

nuclei for the i-th transmission measurement, Xi:e¢syp rate of 169y, decay, days'l. In com—
puting the amount of *®°Tm we employed the resonance parameters of the E¢ = 3.9 eV level,
recommended in [2]. Figure 1 shows the transmission of an irradiated specimen of ytterbium
in the region of the Eo = 3,9 eV level for two measurements with a time interval of 24 days,
It was determined that at the instant irradiation was terminated, there were 1.14-107"
nuclei/b *®®Yb, 1.9+10-* nuclei/b *®®Yb and 0.22°10~“ nuclei/b *°°Tm in the specimen.

In the energy range 0.014-46 eV we discovered four levels of '¢®Yb and 21 levels of
*¢*Yb. The form method, using the Bright—Wigner formula, was employed to compute the
resonance parameters. Table 2 gives the neutron-resonance parameters of *°®Yb, which are
compared with the data published in [3-5]. The 3.925 and 8.17 eV energy levels given in
[4] were not observed by us.

The measured transmission was used to calculate the behavior of the total neutron
cross section of '°°Yb in the range of neutron energies 0.014-1 eV (Fig. 2). The behavior
of the total neutron cross section of *®®Yb in this range is described by the positive
level parameter.

The resultant value 022°° = (2200 + 170)b (capture cross section of *°°Yb at thermal
point) is much less than that recommended in [2]. This difference can be accounted for by
the fact that the value 022°° = 3470 b of [2] is based on integral measurements employing
either the cadmium difference method or measurements in the thermal Maxwellian neutron spec-
trum. The presence of a "strong" neutron level with Eo = 0.590 eV near the cadmium boundary
causes the cross section at the thermal p01nt as obtained by the integral method to be too
high. :

The resultant parameter values were used to compute the resonance capture integral of
1€°%Yb, equal to I, = (24700 + 3000) b. The value of I, is less than that recommended in

[2].

Translated from Atomnaya ﬁnergiya, Vol. 49, No. 2, pp. 116-118, August, 1980.
Original article submitted October 22, 1979,
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Fig. 1. Transmission of irradiated specimen
of ytterbium in energy range 3.4-4.6 eV, 30
days (solid circles) and 6 days (open circles)
after irradiation.

TABLE 1. Composition of Ytterbium Speci-
mens, Nuclei/b*

: sotope of Yb, [:103]

Specimen Isotope

number | qox | 170 | a71 [ 132 I 1ia Ve | s
1 36,6 | 17,5 | 44.3 | 46,9 | 27,2 | 43,7 | 13.2
2 0,74 | 0,30 0,900 0,96] 0,55 0,89 0,27

* 1 b--10-2% m2,

TABLE 2. Neutron-Resonance Parameters of

163Yb }
' _ I,. MeV
G| FeeV T8V | this paper published data
0,59040,005 6643 2,240,1 3,120,3 {3}
2,140,2 14]
9, 740,01 (90) 0,08-£0,01 | 0,460,006 {4]
22,440,056 17249 ~24,641,0 - 504-5 4]
: T , 2032 |5)
27,174:0,00 ©0) | 2,4540,20 | 5,2%2,0 [4]
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Fig. 2. Total neutron cross section of '®°Yb in energy range 0.014-1 eV. The
peaks are reduced by a factor of 50. :

Fig. 3. Transmission of unirradiated specimen and two transmissions of irradi-
ated specimens in energy range 0.014-1 eV. Solid circles: prior to irradiation;
open circles: 6 days after irradiation; triangles: 80 days after irradiationm.

5

41
a gl " Fig. 4. Total neutron cross section of
® 16%Yh in energy range 0.014-1 eV. The
637 peaks are reduced by a factor of 5.
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TABLE 3. Parameters of Neutron Resonances of '®°Yb

Eo, eV r+ MeVv =&Ty, MeV Ko, eV =, MeV | 26T, MeV

0, 807-0,000 (80) 0,424+0,03 23,3401 (80) 2,9+0,5
1,3240,01 (30) (0,04640,08 | 24,1401 (80) 1,01+0,5
2,1940,02 72440 0,4240,04 | 25,101 80y 2,94+0,5
6,9020,0% (80) 0,3540,05 | 28,3+0,1 (80) 10,24-1,5
8,57+0,06 (80) 0,5540,08 || 33,540,2 (80) 14,7470
9.2040,06 | 7511 27402 | 33,940,2 (80) 0.335.0
12,314-0,07 93412 2,44+0,2 37,440,2 . (80) 2,6+1,6
12.5340,07 (80) 1.600.2 || 41,63:0.2 (80) 11,242,6
13,464-0,08 (80) 1,104 43,240,2- (80) 5,7+2,3
14,66+0,08 103 +26 6,2-£0,6 AD,4+0,2 (80) - 20410
94 801 (80) 5,540,6

*' = 80 MeV was taken as the mean of the measured
values for levels with E, = 2.19; 9.20; 12.30 and
14,66 eV..
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Table 3 gives the neutron resonance parameters of '°°Yb, while Fig. 3 offers the re-
sults of two measurements of the transmission of an irradiated specimen and one measurement
of that of an unirradiated specimen in the thermal range of neutron energies. The measure-—
ment interval fior the irradiated specimen was 70 days. The differences in the transmission
for the irradiated specimen can be accounted for by changes in the amount of *®°Yb and *®°Tm,

The total neutron cross section of *°°Yb in the thermal range of neutron energies is
shown in Figs. 4. The behavior of the total neutron cross section of '°°Yb in the thermal
range cannot be described by the resonance parameters of the positive levels. For '°°Yb
we have 02%°° = (3600 + 300) b. The calculated value of Iy = (3800 + 500) b. The error in
the measurement results is determined primarily by the contribution of the error in deter-
mining the amount of *®®Yb (5%) and *°°Yb (8%).

OQur results enabled us to estimate for *®°%Yb the mean distance between levels: D
2.

9 eV and the force functions So = 2.4°107%, TFor '%°Yb the calculated values are D =
0.5 eV and So = (2.1 £ 0.7)-107°,

2 x
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LETTERS

CHOICE OF OPTIMAL CONDITIONS OF EXPERIMENT TO FIND STOPPING POWER OF A
SUBSTANCE BY STREAMING OF RADIATION THROUGH ABSORBERS OF ANY
ARBITRARY THICKNESS

G. N. Potetyunko , . UDC 539.12.04

In two earlier papers [1l, 2] the present author proposed a new method of finding the
stopping power of a substance from the results of experiments on radiation streaming through
absorbers and developed the mathematics of the method. The application of the proposed [2]
method of processing the experimental data was not related to any limitations on the ab-
sorber thickness; this permitted use of thicker absorbers than employed hitherto, thus re-
ducing the error of determination of dE/dx introduced by the error in the value of the thick-
ness. This circumstance is especially important when finding dE/dx in the region of the
maximum of the dE/dx curve or before it where the standard method of finding dE/dx (AE/Ax)
gives overly large statistical and methodological errors [l1]. Let us point out that appar-
ently this is precisely why in the region of the maximum the error of reproduciblity, caused
by the spread between the results of different authors, is substantially higher than at a
higher energy [3] and greatly exceeds the statistical error of the experiments.

With an increase in the thickness of the absorber, however, the energy straggling also
grows and, along with it, so do the atterndant errors. Accordingly, there arises the ques-
tion of the necessity of choosing the optimal conditions for the experiment. This conclusion
is also confirmed by the results of numerical experiment [2] from which it follows that the
experimental conditions affect the accuracy of the determination of dE/dx.

The gist of the problem is: on the basis of the published data obtained under dif-
ferent experimental conditions find how these conditions affect the accuracy of determina-
tion of dE/dx and, to the extent possible, to make particular tentative conclusions as to
the optimal conditions.

The choice of experimental conditions boils down to the choice of the energy range in
which dE/dx is determined and to the choice of the initial values of the beam energy and
absorber thickness., The choice of the energy range is usually determined by the conditions
of the problem. On the other hand, the choice of the values of the initial beam energy and
absorber thickness can be made in various ways.

1. The initial beam energy is fixed and the abworber thickness is increased so that
at maximum thickness the beam energy after the absorber would correspond to the minimum en-
ergy of the chosen energy range.

2. The absorber thickness is fixed and the beam energy is varied within the limits of
the range chosen.

3. At several values of absorber thickness the beam energy is varied in more or less
small steps or, conversely, at several beam energies the absorber thickness is varied within
certain limits.,

The results of experiments on streaming radiation through absorbers, allowing the
technique of [2] to be employed, were given in [4,5]. The conditions of the experiments in
these papers were different and it is therefore possible to reveal the effect of the experi-
mental conditions on the accuracy of dE/dx.

Al-Bedri et al. [4] presented the results for protons in the energy range 0.3-1.6 MeV
and the following media: melinex, aluminum, copper, and gold. The scheme of the experiment
in the main corresponded to variant 1 formulated above: the number of values of the initial
beam energy for each medium was two or three and for each value of beam energy the absorber
thickness was varied within quite wide limits. The energy loss in this case ranged from 5
to 95-100% of the energy range. :

Translated from Atomnaya ﬁnergiya, Vol. 49, No. 2, pp. 119-121, August, 1980,
Original article submitted January 24, 1979,
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Fig. 1. Values of cross sections for proton
stopping in aluminum, copper, and gold, ob-
tained by processing the experimental data of
[4] by the technique of [2]: O) data of [6];
A) data of [7]; @) data of [8]. '

Bourland et al. [5] gave the results for « particles in the energy range from 0.3 to
2.0 MeV, The medium was oxygen. The scheme of the experiment corresponded to variant 2:
the target thickness was practically constant while the energy of the beam was varied. The
energy loss was 5-20% of the energy range. The values of the initial beam energy and the
particle energy after the absorber were distributed quite uniformly over the range.

The results of the processing‘of the experimental data of [4] are given in Figs. 1
and 2. The numbers next to the curves in these figures denote the degree of the polynomial
in the energy used to approximate (dE/dx)”*.

For gold, first and second-degree polynomials give results which practically coincide
and are in fair agreement with the experimental data (see Fig, 1). We should only note the
weakly expressed irregular bend in the curve in the low-energy range in the case of the
second-degree polynomial. The third-degree polynomial makes the dE/dx curve begin to
"wander' around the truve curve, deviating from it slightly only in the low-energy range.
The wandering of the curve is explained by the fact that the degree of the polynomial is
commensurate with the number of experimental points so that the statistical spread of the
experimental data is affected. For aluminum and copper, polynomials of all three degrees
yield results which are in poor agreement with the experimental data, with the third degree
giving altogether absurd results, : '

For melinex (see Fig. 2), the first- and second-degree polynomials yield results which
Practically coincide with each other while the third degree gives appreciably different re-
sults. ' :

Thus, if the experiment is in accord with variant 1 formulated above, the results for
dE/dx are unstable: along with correct results (gold) incorrect results are also obtained
(aluminum, copper). More over, there is no stability of results in relation to an increase
in the degree of the polynomial for (dE/dx)™?!, ' ’ '
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Fig. 2. Values of mass stopping power of melinex for protons, ob-

tained by prccessing the experimental data of [4] by the technique
of [2].

Fig. 3. Values of mass stopping power of kovar for deuterons, taken
from [9] (O) and obtained in the present paper by the technique of
[2] with the use of the experimental data of [9] ( Yy - - =)
"corridor of error."

TABLE 1. Stopping Cross Section for a-
particles in Oxygen

&(E), 10715 &(E)y 10715
&V +cm?/mol, eVscm®/mol.
=) : 2y

s@ |8 3|« 58 |8, 5| ¢
% | 85885 < % | 85885 <
=~ §A 58% ey - B §§% L
| SR S8R ¢ %y s | Baal e
300 | 81,8 1 81,9 | 0,4 {1200 90,2 | 90,6 | 0,4
A00 | 89,0 | 80,5 | 0,6 [[1300 | 87.8 | 87,9 | 0,1
500 03,4 | 94,3 | 1,0 [ 1400 | 85,3 | 85,4 |—0,2
600 | 96,0 | 96,9 | 0,9 1500 | 82,8 | 82.4 |—0,4
700 | 07,0 ] 07,9 | 0,9 | 1600 | 80,4 | 79,8 |—0,7
800 | 96,0 | 97,7 | 0,8 1700 | 78,2 | 77,6 |—0,8
000 | 96,0 | 96,7 | 0,7 || 1800 76,2 | 75,7 |—0,7
1000 | 94,4 | 95,1 0,7 | 1900 | 74,0 | 74,2 |—0,2
100 | 92,4 | 93,0 | 0,6 {2000 72,0 | 72,7 0,9

When a-particles pass through oxygen the polynomials for (dE/dx)”* up to the sixth
degree give results which are in good agreement with [5]. Table 1 gives values of the
stopping cross section taken from [5] and those'which we obtained by using sixth-degree

polynomials for (dE/dx)~', A further increase in the degree leads to wandering of the
dE/dx curve.

Thus, experiments formulated in accordance with variant 2 give quite reliable results
which are stable under an increase in the degree of the polynomial for (dE/dx)~*.

Therefore, the results of our paper along with the results of [2] permit the first
tentative conclusions to be drawn about the optimal conditions of experiments on determining
dE/dx by the method of [2]. It is desirable to conduct the experiment according to the
scheme in which, at several values of absorber thickness, the initial energy beam is changed
in quite small steps. The absorber thickness is preferably taken so that the energy loss in

it amounts to v 5-20% of the energy range. The initial values of the beam energy must be
distributed approximately uniformly over the energy range.

Along with the choice of optimal conditions of the experiment to determine dE/dx it
is of interest to develop a technique for finding the corresponding variances. Comparative
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analysis of the various methods of finding the variances can be conducted according to the
results of [9]. That paper, in particular, gives the results of measurements of the mass
stopping power of Kovar for deuterons by the AE/Ax method (under conditions when this method
gives reliable results), the corresponding errors, and the experimental material necessary
for processing by the technique of [2]. The analysis showed that the method of finding the
errors [2], based on the classical theory of the transfer of the latter, gives
results which are underestimated by a factor of 1.5-2 in comparison with the results
of [9]. More exact results are obtained by using the following technique. Suppose
that yp is some experimental value of the ratio of the absorber thickness to the energy loss
in it and s(yp) is the variance of that value. We process the experimental material accord-
ing to the technique of [2] at values of the ratio of absorber thickness to energy loss in
it equal to yp and yp i,s(yp) and we take the difference of the corresponding values of
dE/dx to be their variance. Figure 3 gives the results of such processing of the experimen—
tal data of [9]. It is seen that our results are in good agreement with the results of that
paper,
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CRITERION OF IGNITION AND RESERVE AT IGNITION FOR THERMONUCLEAR TARGETS

Yu. S. Bakhrameev, V, N. Mokhov, UDC 533,92
and N. A, Popov

\

In comparing various types of thermonuclear targets compressed by the action of exter-
nal energy sources (lasers, electron beams, magnetic fields, etc.), the relation of the
thermonuclear energy obtained to that expended and to the demands placed on the energy source
to ignite the target (the energy delivered and the character of its growth in time), we
usually consider the quality of the target as the basic parameter. However, in order to ob-
tain a real thermonuclear flash in compressing systems, it is necessary to have a certain
reserve at the ignition in order to compensate for calculational inaccuracies and possible
variation of real parameters from their calculated values. Therefore, it may be incorrect
to compare targets without calculating their reserve at ignition.

At the present time sufficiently powerful external energy sources have not been created
and we are lacking the possibility of experimentally checking the thermonuclear combustion
of various types of targets. It is necessary to have an understanding of the reserve at
ignition in order to unambiguously define the target characteristics, which is especially
important, particularly for a more correct comparison of various targets. Below we will
present one of the possible criterion of ignition and the corresponding definition of the
reserve at ignition. This criterion is practically the generalized Lawson criterion [1] for
a dynamic system.

We will examine a target of volume §, which has a mass M of thermonuclear fuel. In
the process of compression, the target volume Q(t) and the matter temperature 8{t) change
with time t. The change of entrophy S(Q, 0) is defined by

Translated from Atomnaya ﬁnergiya, Vol. 49, No. 2, pp. 121-122, August, 1980.
Orginal article submitted April 23, 1979.
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as 1 1
=7 % (R, 0 -5 0%m & 0,0 ..., (1

where Qu, is the thermonuclear energy generated and Q¢ is the thermal loss.

If we consider nuclear fuel consisting of only tritium and deuterium, then

N} NN
Qm =1 (9)aq g—;‘}-'lz (ov)at fz L,

where (6v)qq is the thermonuclear reaction rate for deuterium into two approximately equal
channels (producing ®*He or T) [1, 2], Ng and Ny are the number of deuterium and tritium
atoms in the volume @, and q, and q; are energies which are released by the corresponding
thermonuclear reactions in the volume Q2. In particular, if the neutrons remove their entire
energy from =~ and the charged particles are completely retained in it, then qi § 1.3 MeV

and qz = 3.6 MeV. At the same time the possible reactions of neutrons and °He are not cal-
culated.

We will assume that we know the solution to a complete system of equations describing
the compression and initial heating of a target without calculating the thermonuclear re-—
actions. From this solution we know the temporal change in the volume V(t) and the temper-
ature T(t) of the above mass of matter M. These quantities conform to equation

asw,n 1 ) )y
=7 omh {V, T, t}. .

To determine the criterion of ignition, we will examine the very beginning of heating
when (and also long before this) 6(t) = T(t), the significant difference between T(t) and
6(t) comes later. Concerning this, it is possible to neglect the depletion of nuclear fuel,
i.e., suppose Ny = const and Nt = const, furthermore, we may consider that Q(t) = V(t), be-
cause the rate of change dQ/dt is weakly dependent on the temperature, and time is necessary
for the difference to develop.

Equation (1) determines the temperature 9(t) from the values of V(t), which we assume
to be well known. To obtain an approximate analytical expression for 6(t) we will isolate
the basic dependence of (ov)4q and (o0v)4¢ on 6 in the range of temperatures where ignition
occurs (6=~ 2-6 keV), as a power function: ,

(ov)qq=9mf, (0) and(ov)ay = 0mf, (0),

where m # 4, and f,(6) and f,(8) in the selected interval 6 are weakly dependent on the
temperature.

Following this, in the weakly temperature-dependent functions, for § wewill substitute
T, i.e., we put £,(8) ~ f1(T) and f2(8) =~ £2(T). In the same manner, we will put Benlf,
e,t}/eweth {v, T, t}/T, as the temperature dependence of the heat flow, in the cases of
interest, is moderate (bremstrahlung loses, electron thermal conductivity). By calculating
all that stated above from expressions (1) and (2), we obtain an equation for the tempera-
ture in the form

d 0ym-1 T,V :
wSWo—sw.ni=(5)" Lnlh D (3)
which, for the case of an ideal gas with an equation of state E = AMT, allows us to reach
the following solutiong

1

t
e(t)ﬁT(e)/P_(m;_i) [ OAA%,‘J 'dtJ’"‘l ) )

Y
—o0

Let us call the moment of ignition that moment when 6(t), according to formula (4),
becomes infinite. In reality, at a high temperature its growth ends due to dispersal and
burnout of the target matter and weakening of the dependence of (dv)dd and (ov)dt on T.
However, for the characteristics of ignition (we are not interested, in this work, in fuel
energy release) this is irrelevant. Thus, ignition of a system is determined by the ex-~
pression
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t
wo=m-1 | B (5)

—~ 00

If we find such a volume V in the target, which has, at the moment t W > 1, that
target will ignite. To characterize the reserve at ignition, we propose to use W(t m) s the
value of W at the moment of maximum compression, t, of the region of the target con81dered
A limitation at this time is connected with the fact that after the maximum compression dur-
ing the dispersal of the target matter, pertubations usually grow very quickly and turbulent
mixing occurs. Therefore if the system does not ignite at time t, then the probability of
ignition is generally small.

The criterion for whether or not ignition is obtained in a system which during time
has a constant density 7 and temperature T, is expressed by the well-known Lawson criterion

[1]:

AMT 4

nT> Ngy(ov)gy m—1"?

(6)
where n = 2nq = 2nt is the density of the nuclei, and N is the total number of nuclei in the
D + T mixture. At the minimal value of the ‘right—hand side of inequality (6) (at T ~ 15-

20 keV), we get n T >10** cm™3%- sec.

The criterion of ignition found and the subsequent understanding of the reserve at
ignition W(tp) might be easily extended to more complex cases. For example, when the temp-
eratures at various points in the volume  are unequal, or when the equation of state of
the matter is not that of an ideal gas, a more exact calculation of the dependence of Qth
" on temperature is required., Also to be considered are systems with admixtures of various
chemical elements in the nuclear fuel or with other types of fuel. This article does not
make a recommendation on the selection of the volume V, as this is intimately connected with
the concrete construction of a target and the fulfillment of the approaches shown above.

For the majority of practically interesting systems the use of the proposed criterion
does not cause difficulties and gives satisfactory accuracy. The authors understand, how-
ever, that systems are possible for which criteria of another type might be more expedient.
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NONDESTRUCTIVE METHOD FOR THE CONTROL OF NONIRRADIATED NUCLEAR REACTOR
FUEL USING A PULSED NEUTRON SOURCE

S. B. Shikhov, V. L. Romodanov, . o UDC 621.039,516.22.
V. G. Nikolaev, V. A. Luppov, ' .
and D. F., Rau

Significant progress in the area of experimental methods of nuclear physics has re-
cently caused a wide circulation of nuclear-physical methods of analyzing the composition
of expensive prepared products without their destruction [l, 2]. This is related to the
definition of the contents of *?°U in the fuel elements of nuclear reactors.

The physical basis of the proposed method of control of the fissionable matter con-
sists of the following., The pulsed neutron source irradiates the moderator block, -after
slowing down, the thermal neutrons enter the sample studied where fission of *3°U occurs.
The fast neutrons from fission, .slowed in another moderator block surrounded by a neutron
absorbing screen, are recorded by thermal neutron counters. To calculate the shielding by
the internal layers of the fuel, thermal neutron counters are used. There are arranged in’
such a.way as to record the transmission of thermal neutrons through the sample (Fig. 1).

The temporal behavior of the neutron current in the detector of fission neutrons,
which consists of moderator 3 and thermal neutron counter 6, for times after the pulse of
the source, may be described by the following expression

O (t) = A exp (—at) + B exp (—Bt) + My - . ¢D)

The first term characterizes the temporal decrease in moderator 3 of the thermal neu-
trons which are formed form the secondary neutrons arising as a result of the fission of
2230 nuclei by thermal neutrons. Here a is the time constant of thermal neutrons in modera-
tor 1, as these neutrons, which cause fission of %33U, will have a rate of decrease which is
determined by the material and geometry of moderator 1. The coefficient A depends on the
concentration of 2?2°U and is proportional to the power of the source. The second term re-
flects the temporal decrease of thermal neutrons which are formed as a result of the slowing
down of the source neutrons in moderator 3, B is the time constant of thermal neutrons in
moderator 3. The coefficient B is proportional only to the source power. The material and
sizes of the moderators are selected to satisfy the condition B > a, ®o is determined by the
delayed neutrons and is constant, if the repetition period of the pulsed source is much less
than the minimum half-life of the delayed neutrons, ¢, is also proportional to the source
strength.

We will designate by N, Np, and N the portions of each component of the flux ®(t) of
the total neutron number flux recorded in the interval of time (to, tji), where to and t; are
. v "
the beginning and end of the analysis interval (e.g., N, = S,4expp—a0dt)o
to

We determined the functions:?

F (pvs) = NA/Np; (2)
P (v5/v8) = No/Na. (3)

Here p is the fuel density, ys and ys are the concentrations of 235y and 2°°U in the sample.
The functions F(pys) and ¢(ys/ve) do not depend on the source strength, their value is mea-
sured in a single electronic channel and we thereby eliminate errors associated with in-
stabilities of the apparatus. One may determine the content of 22°U in the sample if one
compares the values of the functions F(pys) and ¢(ys/Ye) with their analogs on the calibra-
graph.

’
Translated from Atomnaya Energiya, Vol. 49, No. 2, pp. 122-123, August, 1980,
Original article submitted August 6, 1979,
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Fig. 1. The experimental arrangement: 1) Moderator block for
source neutrons, 2) pulsed neutron source, 3) moderator block for
fission neutrons, 4) sample studied, 5) thermal neutron counter
measuring transmission through the sample, 6) thermal neutron
counter, 7) cadmium shleld

Fig. 2. Dependence of the functlon F on the concentration of
2337 (p = 18.7 g/em®).

A constructed and optimized arrangement was used for experlmentally checklng the
method. It seems that the accuracy of determlnlng the concentration is essentially depen-
dent on the ratio of the time constants B and «. By optimally measuring the arrangement we
get the following values for the time constants: B = (31920 +100) sec™ ", a = (5890 +5890 +36)
sec”?!, Organic glassserved asthe materialfor themoderators. Thecharacteristic dependenceof

function F on the concentration of ??°U is shown in Fig. 2. The temporal range of analysis
of ¢(t) was the follow1ng: to = 250 usec, t; = 2000 pysec. The neutron source was a neutron
generator with a frequency of neutron pulses equal to 450 Hz and the mean strength was 108
neutrons/sec. The accuracy of determining the concentration here was equal to.5%. The
value is not limiting and can be improved in- the future. :

§
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STUDY OF THE FIELD OF SECONDARY RADIATION BEYOND LEAD ABSORBERS IRRADIATED
BY 640-MeV PROTONS

A, Ya., Serov, B, S. Sychev, UDC 539.12,175
S. I. Ushakov, and E. P. Cherevatenko

This work, an extension of [1], measures the space—energy and radial distribution of
secondary radiation which exits when a lead absorber is under bombardment by a beam of 640-
MeV protons. The thickness of the absorber along the beam direction is d = 60 cm (680 g/
cm?®); the cross-section is 70 x 40 cm. The proton beam diameter at the forward end of the
absorber (from the beam side) is 2.5 cm (Fig. 1).

The beam is monitored with an ionization chamber calibrated by way of measuring the
absolute yield of products of the reactions *7Al(p, 3pn)2*“Na, 27Al(p, spall) *°F and '*C
(p, P®)**C in aluminum foil and graphite plates. During this work, data from [2] concerning
the cross sections of these reactions were used. The estimated calibration error was ~107%,
The energy spectra were measured by a spectrometer along with the time of flight with time
resolution 2 v = 1 nsec and with a proton detection threshold of 60 MeV. A more detailed de-
scription of the spectrometer is given in [3]. :

The spectra of protons were measured at a constant distance of 1 mfrom the absorber
end to the first counter and a distance L = 2.36 m between base counters (spectrometer base).
The angular resolution was 5.7¢107° Sr. The cross section of the spot "viewed" by the
spectrometer on the end of the absorber was 9.8 x 9.8 cm”®. The systematic error (v 127%) of
the measured spectra of protons was determined by the error of momitoring (10%), by the in-
accuracy of the alignment of the spectrometer (6%), and also by the portion in the spectra
of charged 7% mesons and protons which occur during the interaction of neutrons with the
material of the scintillator in the first counter (“4%). The background level, which is de-
termined with experimental samples, does not exceed 1%. )

The measured distribution of the secondary yield is seen in Fig. 2. The cross-hatched
region of indeterminancy is caused by the statistical error, energy resolution of the spec-
trometer, and in the region of energy below 150 MeV, by the indeterminancy of the correction
for multiple coulomb scattering. The systematic error is not calculated.

This work will present a calculation of fields of secondary radiation which are formed
during the development of an internuclear cascade in the given lead absorber with the help
. of program CASC-2 [4], which realized the method of successive collision, applied to calcu-
lating an internuclear cascade in the axisymmetric geometry [5]. The system of constants
D2N1 [4, 6] was used as the input information. This work also experimentally determined the
radial distribution of the fluence of secondary particles and absorbed doses. Carbon de-
tectors, nuclear emulsion of type K, and x~ray film were used for measurements. The absolute
yield of the reaction *2C(x, xn)*'C in the irradiated carbon detectors was measured using the
scintillation v spectrometer. The cross section of this reaction for secondary nucleons of
energy E > 20 MeV was equal to 21l mb (1 b = 10~%*% m?) [2]. From the data in [7] it follows
that the effective region of the registration of protons in nuclear emulsion of type K corre-
sponds to the energy interval 0,5-150 MeV., X-ray films, intended for measuring the exposed
dose of y radiation, were used for measuring the absorbed dose in this work. The response
of the x-ray films was interpreted in terms of an absorbed dose, considering the data rela-
tive to its sensitivity to the protons [8]. Experimental and calculated data on the radial
distribution of detector readings are seen in Fig. 3.

The fraction of protons and 7t mesons in the fluence of hadrons beyond the lead ab-
sorber of such a thickness is 2-3%, Figure 4 shows the angle integrated energy spectra of
protons and neutrons for various distances r. The data from this diagram (originally for

» 7
Translated from Atomnaya Energiya, Vol. 49, No. 2, pp. 123-124, August, 1980,
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Fig. 1. Geometry of the experiment: 1)
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Fig. 2. Energy spectra of protons emitted
from the surface of the lead absorber at
various distances r from the beam axis at
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the experiment; ) calculation.
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Fig. 3. Experimental (0,0, A) and calculated ( ) data on the radial
distribution of detector readings beyond the lead absorber, O) F, fluence
of hadrons with energy E > 20 MeV,[) N, density of tracks in nuclear

- emulsion, A) D,. absorbed dose (measured by the blackening of the x-ray.
films), calculation of N: 1 and 2) Egp, =150 and 50 MeV.

Fig. 4, Calculated energy spectra of protons and neutrons at the sur-
face of a lead absorber at various distances from the axis of the beam:
) protons, - - -) neutrons (the calculated data have been multiplied
by 0.01). ’ ' ’

573

Declassified and Approved For Release 2013/02/14 : CIA-RDP10-02196R000800040002-1




Declassified and Approved For Release 2013/02/14 : CIA-RDP10-02196R000800040002-1

calculating the fluence of hadrons) clearly illustrates the small fraction of protons in
the field of nucleons.

Since we cannot reliably determine the effective correct threshold of the response of
the emulsion K, the experimentally measured number of tracks will be compared with the cal-
culated data in Fig. 3, which corresponds to the values of the threshold 50 and 150 MeV, A
comparison of the experiment and the calculation show their fully satisfactory agreement.

In conclusion, the authors wish to express their thanks to V, P, Dzhelepov for support
of the work, Yu. M. Kazarinov and V. S. Kiselev for assistance in its execution. We are
grateful to M. M. Komochkom, M, I. Salatskoi, and G. N. Timoshenko for showing methodical
help. Throughout the entire work we were constantly helped by our colleagues E. K. Gel'fand,
A. A. Dem'yanov, and Yu. A. Razumov, to whom we are deeply grateful.
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FIELD EMISSION MICROSCOPE STUDY OF RADTATION DAMAGE IN TUNGSTEN CAUSED BY
2320f FISSION FRAGMENTS

V. M. Aleksandrov, I. A. Baranov, UDC 537.534:539.16
R. I. Garber, Zh., I. Dranova,

A, S, Krivokhvatskii, I, M, Mikhailovskii,

and V, V, Obnorskii

The characteristics of radiation damage significantly depend on the type of material,
its structure [1, 2], the energy and nature of the particles of the penetrating radiation
[3], and also the radiation dose [4]. Radiation damage of tungsten by fission fragments was
studied [5, 6] with the help of the field emission microscope. Irradiation was carried out
in the core of a reactor using 2°°U as the fissionable material. However, the interpreta-
tion of the results obtained caused definite difficulties due to the continuous energy spec-
tra of fission fragments in the region up to 100 MeV, connected with the great thickness of
the 2°°U layer, which exceeded the range of the fission fragments. Therefore, this work
used a thin layer of 2®2Cf as the source of fission fragments, becasue the energy spectra of
2%2Cf has two maxima. Since the tungsten needles arrange the perpendicular flow of fission
fragments, we succeeded in exposing the deformation of the structure and other defects which
had not been detected in previous studies [5, 6].

Translated from Atomnaya énergiya, Vol, 49, No. 2, pp. 124-126, August, 1980,
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Experimental Method. The irradiated samples presented their own point, which was
formed by electrochemical etching from a tungsten wire of 99,95% purity and exposed subse-
quently to low-~temperature evaporation in an electric field of high intensity (nv5+10°8
V/cm) for the purpose of forming an atom—smooth surface. The irradiation was conducted in
a vacuum chamber, here the point arranged the perpendicular flow of fission fragments at a
distance of 6 mm from the layer of 2520¢ with thickness 10 ug/cmz. The intensity of the
current of fission fragments over 4T sr was 3.5°10° sec™!, The fission fragments were
collimated in angle by #25°. The time of irradiation was chosen in order to provide the
incidence of several fission fragments onto the peak of the point. To cut-off nuclear recoils
of *“®Cm of energy 100 keV due to the o decay of 2°2Cf, and also to prevent contamination
of the vacuum chamber and samples, the layer of californium was covered by two thin films of
nickel of a combined thickness of 200 pg/cm®. The mean energy of heavy and light fission
fragments is, accordingly, 69 and 96 MeV (Fig. 1). Since 2520f is simultaneously the source
of a~particles of energy 6.1 MeV, and also of fission neutrons of mean energy 2 MeV, it is
necessary to evaluate the additional fraction in the radiation damage of the tungsten needles.
Having information [5] about the role of fission neutrons and the low value of the fluence of
fast neutrons for the irradiated points (less than 1°10*2 neutrons/cm?®) allows us to neglect
the influence of such a factor. The dose of a~particles which hit the point is 2:10'? par-
ticles/cm®. The control experiment of irradiating tungsten needles with an equivalent cur-
rent of a-particles was carried out using a 22°Pu source. To cut-off the nuclear recoils
of 22“U with energy 100 keV, which occur from the a-decay of 2°°Pu, the layer of plutonium
was covered by a thin film of nickel.

The irradiated samples were studied in a helium field emission microscope with cooling
of the tungsten needles by liquid nitrogen. The image is registered using an electron-opt-
ical transformer with an amplification coefficient of 10,000. The microphotographs of the
surface of the irradiated samples were studied by the distribution of the field-emission
contrast and by its changes in the process of controlled evaporation of atomic layers (110)
with a field .

Results of the Experiment and Discussion. The control samples, irradiated by a-part-—
icles from a plutonium source to a dose of 2:10%% cm™?, after the desorption by an electric
field of two-four atomic layers, showed practically atomic layers, showed practically an
atom—-smooth surface. Evaporation of the material of the samples to a depth 10% nm did not
show extended damage to the lattice. The characteristic atom-smooth surface of a tungsten
point with a radius of curvature at the top of 21 nm irradiated by a-particles is seen in
Fig. 2.

In the samples irradiated with fission fragments, we see surface damage as depressions
with a mean diameter of up to 7 nm. Immediately after irradiation of samples with fission
fragments and the removal from their surface of absorbed atoms, we can observe two depres-—
sions in the area of the faces (101) and (011) having a type of crater connected with
bright contrast bands (Fig. 3). An analysis of a series of microphotographs obtained during
laminar evaporation by the field shows that the craters are arranged on a line perpendicular
to the axis of the sample, and, evidently, correspond to the point of entrance and exit of
the fragment. Such a correlated arrangement of depressions is observed in all irradiated
samples. In individual cases over the area of the passage of the fragment we see the dam-

‘aged zones of width up to 9 nm (Fig., 4), indicating that the passage of the fission fragment

in the surface layer essentially changes the topography of this surface region. In Fig. 4a,
b the divergence of the axis of the fragment track from the surface reaches 12 nm, but sim-
ilar distortions are detected even after the passage of the fragment to a depth of 15 nm.

An analysis of a series of field emission microphotographs allows us to construct the de-
pendence of the width of the damage zone on the depth of the axis of the fragment track
(Fig. 5). During the increase of the intensity of the electric field (> 4,5°10° v/em),
inside damage zones separate atoms appear; these zones are characterized by porous layers.
Similar damage was not detected earlier [5, 6], possibly due to the use of samples arranged
almost parallel to the current of fragments, many of which were slowed down inside the
source., The appearance of big craters is connected [5] with the action of a return pulse
which occurs in the case when the fragment does not exit the sample. It was also discovered
in [6] that at complete passage of the fission fragment across the point, the surface re-
mains almost undamaged, which is explained [6] by the absence of the return pulse. The ex-
periments conducted show that at the complete passage of fission fragments of energy greater
than 50 MeV through the tungsten needle, large craters form at the places of entrance and
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Fig, 2. Surface of a microcrystal of tungsten
irradiated by a particles.

Fig. 3. Field-emission image of a tungsten
sample irradiated by fission fragments. The
damaged parts of the surface are marked by
arrows.

Fig. 4. Erosion of part of the surface of
tungsten by the tracks of fission fragments of
3520f immediately after irradiation (a) and
after evaporation to a depth of 2.3 nm (b).
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Fig. 5. Dependence of the width of the
damage zone d on the distance from the
fragment track, A,

exit of the fragment that were not.detected earlier [6] with the radiation by slowed fission
fragments. The size and form of the damage of tungsten needles by fragments of high energy
may, evidently, be described as a result of the formation of a thermal spike around the
track of the fragment.

A characteristic peculiarity of these experiments is a sufficiently close location of
the tracks near the atom—-smooth surface of the sample. Therefore, the surface atoms succeed
in evaporating at the beginning of recrystallization. As a result, the formation of craters
occurs, as does.a porous layer of a certain part of the surface over the track of the fission
fragment. ‘

In conclusion, we should note that the presence of a band of contrast, analogous to
that described earlier [8], will confirm the former conclusion about the possibility of the
formation of a belt of contrast due to the formatio of saddle-shaped surfaces connected with
localized depressions (e.g., craters).

’
The authors wish to extend their thanks to V. P. Eismont for discussing the results.
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CALCULATION OF THE PERTUBATION OF FUNCTIONALS OF THE FLOW OF NEUTRONS
BY A DIRECT MONTE CARLO METHOD USING CORRELATED SAMPLES

V. D, Kazaritskii . UDC 539,125,52:621,039,51.12

_ The definition of pertubations of reactivity by the direct method of diffusion of
neutrons correct to second-order terms is seen in [1]. An analogous approach may be ex-
tended to arbitrary linear functionals of the neutron flux,

The Boltzmann equation in the 1ntegra1 form in the context of the den31ty of colll—
sions is

W () — s‘ K (zl2’) ¥ (z')da’ S' K (zlz') ¥ (2') dz’. )
Here x is the point of phase space X = {r, E, 0}, and Kg (x/x') and K¢(x'x") are accordingly

the kernels of scattering and fission. The search for a solution to Eq. (1) proceeds by
iteration., For this purpose, it may be split into the system of coupled equations

(2)
¥ (@)= S Ko (el V3 (&) '+ 85 (2);

S (a)—= (; Ky (zlz) ¥i_, (&) dz’, i=2,3 ..., ~ (3)
S1(x)=S(x). The system of equations (2), (3) is itself solved by the Monte Carlo method for

the successive generations of neutrons., Subscripts i-1 and i indicate the i-1 and i-th
generation of neutrons. We will introduce a linear functional of the flow of neutrons

'l_fing 0@ Vi@ dz] | 51 a, | | . “

where ¢ (x) is a bounded function, and R; is normalized per fission neutron. In a physical
sense this is the reaction rate. The variation of the functional is equal to

(SHi:{S S¢p (2) ¥; (z) dx - S ¢ (2) 8Y; (2) d
r 5
—R; 5 A0S (o) d.’l?}/.\ N (x) dz. )
The function y{(x) is the solution to Eq. (2) and is given by the Neumann series [2]:
v (x)—'Si(x)JrS Ky (xlzg) S (wg) dxp + Y S‘Ks (z/z)) Ky (2,/29) S; (zg) drydag+ ... | (6)

The COlllSlOn density in the perturbed system\yp(x) is given analogously We will now
introduce the function

Wy @) =85 )+ | KL (el 1 o) deo + § ez caton) 2 @tz 52 (e azzgt ... %)

Series (6), (7) converge and corresponding solutions exist; this follows from the
properties of the operator Ks(x/x') and the function Sj(x):

0<<8; (%), 0 \‘ Ks(z/x’)dx'%i. (8)

o«
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TABLE 1. Results of Calculating the Basic
Reaction Rates and Their Pertubation as a
Consequence of Neutron Loss for Homogeneous
Uranluanater Lattices

Program MKG6 Data [5]
Type of .
reaction R 612 S8Ry R SR
Epithermal:

absorption | 0,2047]—0,0222|—0,0191} 0,2048|—0,0253
by 28U [4-0,0018|4:0,0018|2-0,0006{2-0.0010
fission of * 7 0,0405|—0,0029|—0,0018 0,0363|—0,0033
By +0,0010(:0,0008{+0,0002|+0,0003
fission of 0,0394|—0,0046|—0,0044| 0,0396{—0,0051
a5 +0,0010|40,0008|--0,0003(+0,0002
Thermal:

absorption 0,1458/—0,0232{0,0202( 0,1490|—0,0228
B8 =+0,0018{4-0,0015/3-0,0007|£0,0003
fission of 0,3893|—0,0614{—0,0526| 0,3948|—0,0603
5[] =+0,0023| 40,0024 |4-0,0010(~+0,0008
Koo 1,152 |—0,167 |—0,142 | 1,155 |—0,1684
4-0,006 |4-0,006 |+0,003 |+0,003

[}

The function ?P (x) may be viewed as the first approximation to the density of collisions

in the perturbed system- Wp(x) Now let us write the perturbed collision density 8¥;(x) in
the form

S (@) < WYy () — Wi () W] () — W (). ' )

The formula obtained presents the possibility of successively evaluating the pertur-
bation. If, as a result of the i-1 iteration in the unpertubated system, we produce as the
steady distribution Si(x), one may, modeling the trajectory alternately in both systems,
obtain in (5) for the perturbation of the functional for the value of the first integral,
and for the value of the second integral equal to

SQNz)UYL(IYf“G(xndx- (10)

We will designate the sum of the valuation, correct to the first order, as 6Rij. The -
trajectories, not reaching the perturbed volume, do not contribute to integral (10), there-
fore, there is no need to model them in the perturbed system, The remaining trajectories
should begin from the point of the first entry in that volume. Such a correlated sample was
already used in [3]. For evaluating the portion of the second difference term in Eq. (9),
it is necessary to evaluate SP(x). If we assume that the dlstrlbutlon of the source is
established during one generation, then

SV () = 5 KY (2l )W}, (z') da’. (1)

Now, for the separated trajectories, one may calculate the source for the iteration
according to formulas (3) and (11) and then evaluate the term in SRy from the last dif-
ference term in Eq. (9). Simultaneously, the integral of the difference 6S; (x)} = SP (x)
Si(x) is calculated for the last term in formula (5), which enters as the difference™in
coefficients of mutliplication of the two systems. By the repetition of the described pro-
cedure for each generation of neutrons of the nonperturbed system, one may evaluate the func-
tional Rj, and the pertubation 8R{ or simultaneously several functionals and their pertuba-
tions and also their statistical errors.

This method is the basis for modifications to the program for the universal calculation
of a reactor by the Monte Carlo method, MK6 [6]. By using this program we can calculate
the pertubation of the neutron multiplication coefficient and the reaction rate in the
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lattice-type fuel elements which were used in [5] for checking.nuclear-physical constants
of thermal reactors. The information necessary for the calculations is presented in [5].

In our work we will evaluate a pertubation to the lattice with a ratio of moderator
volume to fuel equal to 2,35. We approximately propose that the reactor has a flnlte
height with upper-level material parameters equal to their experimental values (B? = 57.0
m=2). The results of the calculation of the reaction rate for an infinite lattlce (B% =
0) are given in Table 1 together with the neutron loss corrections, The calculation re-
quired 3 h of machine time on the high~speed electronic computer BESM—6 2 hof this time was
required for the model trajectories in an unperturbed system (44250 histories), and 40
min was required for the first iteration in the perturbed system. Twenty minutes was re-
quired for the second iteration.

The data from [5] are seen on the right side of Table 1; here the reaction rate is
evaluated by the Monte Carlo method, and the corrections are evaluated by using a simul-
taneous homogeneous calculation. The disagreement in the reaction rates can be explained
by differences in the original neutron data. As far as evaluating the perturbation is
concerned, they are practically in agreement. Only for absorption by ?3°U in the epithermel
region does the difference exceed the statistical error. However, as the major part of the
absorption in this case is from resonance neutrons, this may be related to the uncertainty
which occurs in the transition from the heterogeneous calculation to the homogeneous one.
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INFLUENCE OF A SMALL CHANGE OF THE FORM OF A REACTOR ON ITS CRITICALITY

Yu. V, Petrov and é. G. Sakhnovskii IDC 621.039.51'

We will consider the influence of a pertubation of the form of the boundary of a cyl-
indrical reactor on its criticality. If the pertubation is limited to the sides of a right-
circular cylinder, then the equation of the boundary in polar coordinated (r, ¢) can always
be written as

R¥r?=1+46 (9), 0 (@)= D] (an cos ng+ b, sin ny), 1)
n=1 R
where 6 (@) is the deflection of the side from the circle of radius R. We will write the
kinetic transfer equation for the distribution function of the neutron flux f(r,¢ , z, v) in
the reactor as

(lgﬂi'—*‘a)f(r’ Py 3z, V)-’=O, (2)

where F is the fission operator, and G is the moderator operator and loss of neutrons from
the element of phase space, The coordinate transformation

r=ryVit6(@); ¢ =¢ (3)

Translated from Atomnaya Energlya, Vol. 49, No. 2, pp. 127—129, August, 1980,
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TABLE 1. Values of the Geometric Param-
eter of Reactors of Various

G f th Ii‘l/lf'(-’j
eometry of the

second a
cross section of l;uox],ma-l-J exact error
the reactor tion value %
Square, 1,004 1,080 0,8
Hexagomn, 1,028 1,026 0,2
Ellipse:
5=0,152 1,011 1,011 0,0
£=0,473 1,128 1,127 0,1
t=0,801 1,641 1,616 1,6

changes the equation of boundary (1) into the equation of a circle in the plane (x"|¢'"),

and Eq. (2) into a perturbed form with the operator G' = G + AG, This method [1] allows us
to apply the perturbation theory below in its traditional form. Following [2], we will con~
struct an algorithm of successive approximations to the solution of the problem, assuming
that the perturbation is equal to €8(¢). Having obtained the desired values of k= and
f(r', ¢, z, v) as a power series in €, we can obtain, as the zeroth approximation % 0,
the critical unperturbed axisymmetric reactor, for which k<;) =1, and fe° = Fo (', 2z, W),
whlch because of the symmetry, does not depend on the polar angle ¢. The adjoint function
f (r', 2z, v) has a similar property, so that from the expression for correcting the reactiv-
ity in the first approximation [2] it follows that

do a 1 [Z]
R~ 0 iagioy ~ (it 0sing [ @ e =55 ) s+ 00 (75— 35) || ) o “)

as the integration over ¢ is reduced to the integration over the full period of the func-
tions §(¢) and d&§/dg, which gives zero. In Eq. (4) 6 is the angle between the direction of
the neutron velocity v and the z axis, and y is the angle between the projection of the
velocity v on the xy plane and the polar axis r.

Thus, one may formulate the following theorem: the first-order correction to the re-
action multiplication coefficient for a perturbed axisymmetric cylindrical reactor is zero.
In other words, the correction should be proportional to the square of the deviation of the
square of its derivatives.

Let us find this correction for a homogeneous symmetrical, relatively Cartesian axis
cylindrical reactor, without a reflector, with an equation of the sides (1) having
0. Then, instead of expression (2) for the flux of neutrons we have a wave equation

of
bp

[

i

Loy (r, @)~ B2 (r, ) =0 (5)

with the Laplacian L, in the polar system of coordinates. The coordinate transformation
(3) changes the boundary (1) to a circle of radius R, and Eq. (5) into the perturbed equa-
tion (relative to e8(@): : :

(Lo+eA,L+e2 (1428 (9)) A;L) (o, ¢)+E2D (p, ¢) =0, - (6)

where the dimensionless flow ¢ = y/0,(°) is introduced, as are the polar radius p = r'/R
and the geometric parameter £? = B3R®. The pertubation of the operator Lo is AL = e A,L +
e? AzL, where » .

ML=0 (@ Lot (%%aa+?aﬁaﬂ
» (7

1
Y
2
) ()

Let us write the basic solution to Eq. (6) in the series

1
A.zL:z (

R E(O)’_l_ V emg(m) D= Qy= P I V My, (8)

mi ml
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where the zeroth approximation 00(°) is the unperturbed (¢ = 0) solution of the wave equa-
tion, which is zero on the extrapolated boundary p = 1, and £°(°)2 is the corresponding
eigenvalue. Inserting expre831on (8) into Eq. (6), we obtain a system of equations defin-
ing Q(m)(p ©)

Loty 4-E0V g oo — A Lgn-1 — A, Ldgn-2

m .
— S ‘ég")zd){,’""“, m=1, 2, 3, ... (9)
n=1
with boundary conditions (Q(m))o =1 = 0. From the conditions for the existence of a solu-
tion to the inhomogeneous equation (9) together with the normalization conditions (¢(°)

q)gn) (o) ? .o

) = 6n, o m=0,1, 2, 3, ...), for the required correction to £o we obtain*

B (g, A LAY - A L), e, 2, 3 (10)

The complete set of eigenfunctions of the operator L, which are symmetrical in ¢ are
the functions Vom (n=0,1, 2, eee, m=1, 2, 3, ...)¢

Vi 0y @)=l vam 71T (Vamp) cos ny;

I e ”3*7 (1+611,0) i1 (Vam), (ll)

(o) _ =

where the eigenvalues Vhm are the roots of the Bessel function J,(x), so that &¢ = Vgy =

min voy = 2,405, and vy, (p) are the eigenfunctions with axial symmetry. ~From Eq. (10),
in accordance with the theorem, it follows that

1 d26 9 ’
£ e (1A, Llum)—<()1 8 E — 35 gor dp’ 1>#0 (12)

From expression (9) it is not difficult to obtain

o0

DY (p, ¢) = Z‘] V_ﬁi”T Pums (13)
1871}
. n, m==1 !
where the matrix element is )
TV @y, 12 \
Cm=(nm| AL |01)= - oo Tl o ror 1 T o "5 n (VamP) (Jl (Vorp) — )J dp. (14)

Hav1ng inserted Eq. (13) into (10) for the second apprxoimation to the lowest eigen-
value £0(°)2, we get

o

Y . 2
B2 L ) Y _ Cam : 15
n= n, m=

Here the first sum, conditioned by the action of the operators A;, Land AzL on voi, corre-
sponds to the first order of pertubation theory in the operator AL, but is second order in
§(¢). The second sum corresponds to the second-order correction from the operator AL, and,
as 1s well know, is always negative.

As an example, we obtain the value of the geometric parameter for an ellipse with a
semiaxis a = R/V 1 — €, b = R/Y 1 + ¢ and eccentricity e? = 2¢/(1L + €). Such an equation is
R*/r® = 1 — ¢ cos 2¢and, consequently, in formula ‘(1) n = 2, a, = —e, from which Eq. (15)
becomes

VOI Vzm - V(.n PO
T Rr [1%8” Z (Vzm*\’ol JN Ryi—¢ (1_0.027“). (16)

where Ro is the radius of the circle having the same area as the examined ellipse.

The equation for the regular polygon with 2k sides and with apothem p can be ex-
pressed in the Fourier cosine series on the space [0, 21] as in (1)

8(p) 2 \‘ —Tr oS kacp, 17

m=1

k
R*=2p*a, y=(a—1)/x, a=1+;sin %

*The round brackets denote scalar products; 5n,o is the Kronecker symbol.
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Upon inserting Eq. (17) into formula (15), for a right prism with 2k sides we obtain

9y n Ty, Opm, ) n N
f,)‘zv;,l(i—T ol,g—k—) ¥ — Z ——Lm—<v31(1~-k—cth)Y“ (18)

v%kn. m”—vgl

- n, m=1{ :

and .

B2 - 2 (2)* M I i1 19
=& (v§ -+ &R, L=a ~tg 5 - (19)

The results for the value of the second approximation to the geometric parameters of the
examined figures relative to those of the equivalent circles of radius Ro, B2 = v 2,/RZ for

a calculation through m = 10 in formula (19) are seen in Table 1. The exact values, B*/B2,
in Table 1 for the hexagon are obtained in [3] by the Ritz method, and those for the ellipse
are given in [4] using the expansion of the exact solution (Mathieu functions) in a series
of Bessel functions. As is evident from Table 1, the second order of the pertubation theory
has sufficient accuracy for practical purposes and the simple formula (16) describes very
well the entire tabulation in {4] of the values of the geometric parameters of the ellipse.

In conclusion, we will note that the analogous method can be used to investigate the
criticality of a reactor for small deflection of its form from spherical or cubical.

The authors thank G. A. Bate, A, D. Galanin, and V. A. Ruban for a fruitful discussion
of the present note; and S. A. Artamonov and I. A. Shlyakhter for hlep with the calculations.
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ELECTRICAL CONDUCTIVITY OF BINARY ALLOYS OF THORIUM
TETRAFLUORIDE WITH LITHIUM AND SODIUM FLUORIDES

V. N. Desyatnik, A. P. Koverda, UDC 621.3.035.45:537.311.3:546.16"'33"34'841
N. N. Kurbatov, and V. V. Bystrov o

The problem of developing a fused-salt nuclear reactor is closely bound up with investi-~
gations on the .thermophysical properties of possible fuel compositions, especially fusions of
the fluorides of alkali metals and fluorides of uranium, thorium, and plutonium since these
fusions have a relatively low melting point, low vapor pressure, and low viscosity.

‘The practically unlimited solubility of thorium fluoride in fusions of the fluorides
of alkali metals allows fuel breeding to be accomplished with slow neutrons [l1]. A certain
inadequacy of data on the electrical conductivity of fluoride fusions with a relatively high
thorium concentration is apparently explained by the complexity of the selection of structural
elements of the measuring cell because of the high corrosivity of these fusions [2].

The electrical conductivity of fluoride fusions was measured in a stainless steel re-
tort. The molybdenum-lined retort was placed in a resistance furnace. The high-temperature
zone of the retort was separated from the cold part by a system of nickel screens., The capil-
laries were MgO tubes with an internal diameter of 2.0 mm. The electrodes, the crucible con-
taining the fusion under study, and the sheath of the thermocouple were made of nickel, The

Translated from Atomnaya énergiya, Vol. 49, No. 2, pp. 129-130, August, 1980.
Original article submitted October 22, 1979.
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TABLE 1, Coefficients of the Equation of
Temperature Dependence of Conductivity of
Fused Salt Systems

ThF, | Coefficient of equation
con- Tﬂng.
tent, 8D, § range,
n—](y?le —ut h.o1o2 —c- 108 oK
0
Lil—ThE,
0 | 8,086 2,1500 | 6,0606 | 0,0034 . | 1140—1300
S20070 6,3708) 11,3005 3,0249 | 0,0018 860—1340
30 8,62321 1,3713 2,9674 | 0,0044 900—1400
A0 L 6,20080 08504 | 0.8802 | 0.0041 | 980—1400
a5 | 3516 004244 |—0,5796 | 0,0020 | 1060-—1400,
055 6,80171 0,7696 |—0,5598 | 0,0027 1120—1400
70 1,2523|1—0,0837 |—2.,3639 | 0,0034% 1240—1480
85 | 98144 10680 | 1.6071 | 0.0018 | 1340—1480
100 [ 1,8653]—0,1064 [—2,6339 | 0,0033 1380--1480
' . Nal' —Thr,
O 10,7401 00,3900 0,3842 | 0,0025 1280—1440
15 *H,5003] 11,0617 2,6080 10,0021 1180-—1400
30 4,0297)  0,8030 2,0095 | 0,0027 960—1420
45 4,348 0,6498 11,4418 | 0,0030 {-1020—1440
03 6,38291  0,87H1 1,7888 | 0,0031 1080-—1440
60 6,8455]  0,8400 1,3858 | 0,0018 1140—1480
7 7,4016] 0,8201 1,0664 | 0,0034 1280—1480
a0 7,0091]  0,5845 0,191 | 0,0041 . 1360-—1480
b
tor
M$%§mwn Fig. 1. Isotherms of conductivity of
Q{Q fused systems: a) LiF—ThF, and b)
24 NS NaF—-THF,, O) present paper, @) data
v of [2].
L ! 1 1 1 L 1 1
LWF 20 40 60 60 Tnf, NuF 25 o0  J5 ThF,

Content, mole% Content, mole %

resistance was measured with a R568 ac bridge at 50 kHz. The voltage applied to the elec-
trodes did not exceed 30 mV., The capillary constant was determined in experiments with a
KCl fusion at 1070-1225°K, in which use was made of published KCl electrical conductivity
values [3]. Extrapolation was employed at higher and lower temperatures and the validity
of the extrapolation was verified by calibrating the capillary with a 1 N NaCl solution at
room temperature. The maximum error in the determination of the capillary constant was 17,

according to estimates. The maximum calculating error in the measurement of the electrical
conductivity is 2%. :

In the experiment much attention was paid to the preparation of anhydrous salts.
Thorium tetrafluoride was prepared from ThO,, which was dissolved in fuming nitric acid.
Tetrafluoride in the form of ThF,.nH,0 was deposited from the solution with hydrofluoric
acid. The deposit was rinsed on a filter with distilled water, dried in a nickel dish at
100°C for days, and then calcined in a vacuum furnace and then gradually heated to the melt-

ing point. Chemical analysis of the thorium tetrafluoride showed it to contain no more than
1 wt,Z impurities, :

Lithium and sodium fluorides of spectrally very pure grade were dried for 3-4 h at
300°C under a vacuum and then remelted and crystallized in an argon atmesphere, In order to
homogenize the fusions of a mixture of salts of the required composition, we held them for
3-4 h at a temperature above the melting point by 50-80°C, after which the temperature was
raised to the necessary value and the electrical conductivity was measured as the melt was
cooled at the rate of 2-2,5 deg/min. Upon completion of the experiment, the individual melts
were analyzed for thorium content in order to monitor the variability of the composition.
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The electrical conductivity of the fused lithium and thorium fluorides, containing 20,
30, 40, 45, 55, 70, 85, and 100 mole % ThF, and sodium and thorium fluorides containing 15,
30, 45, 53, 60, 75, and 90 mole % ThF., as well as pure lithium, sodium, and thorium fluo-
rides was measured in an environment of argon purified from traces of water and oxygen. The
results of the conductivity measurements of the salt fusions were processed by the least-
squares method in the form of the equation

w=a-+ bT - cT?

where » is the conductivity (27 'sem™'), T, temperature (°K), and a, b, and ¢, coefficients
of the equation. As an indicator of the accuracy of the description of the experimental re~
sults by an equation of the given form we calculated the standard deviation S (see Table 1)

Figure 1 gives the isotherms of the electrical conductivity of the salt fusions studied
as well as the published [2] values of the conductivity at a ThF, concentration of up to 40
mole % are in good agreement with known values [2] but as the ThF. concentration increases
there is a growing discrepancy between the values. The experiments show that the conduc-
tivity of these fusions decreases ‘monotonically as the ThF, content rises.
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EFFECT OF HEAT TREATMENT ON BLISTERING OF TsM-6 MOLYBDENUM ALLOY

D. M. Skorov, M. I. Guseva, UDC 621.039,.531
B. A. Kalin, and V. L. Yakushin

High-melting metals (molybdenum, vanadium, niobium) and alloys based on them are con-
sidered to be promising structural materials for the first wall of the discharge chamber
fusion power reactors [l]. With the interaction of plasma with the wall material erosion of
the wall due to sputtering and blistering is observed. '

It was shown in [2] that the initial structure of the target has a substantial influ-
ence on the parameters of blistering and erosion on the materials. Thus, cold-rolled vana-
dium and nicbium specimens irradiated at room temperature with 500-keV helium ions have much
smaller blisters and erosion coefficients as a result of their destruction in comparison with
recrystallized specimens. It is known that heat treatment is one way of altering the struc-
ture and properties of metals and alloys. Accordingly, for the practical use of materials
in a thermonuclear reactor it is important to know how heat treatment effects their erosion
under ion bombardment.

In the present paper we study the helium blistering of the molybdenum alloy TsM-6'
(Mo-0.13 wt.% Zr-0.002 wt.% C-0,0015 wt.% B) depending on the heat treatment of the specimens,
We studied materials in the following states: initial state (hot rolled), recrystallized,
quenched, and aged. The specimens were quenched in liquid gallium after soaking in a vacuum
of 2,6:107° Pa at 2000°C for 1 h, According to [3] quenching in liquid gallium ensures that
the material cools at a rapid rate and this results in the most complete fixation of the
supersaturated solution. The quenched specimens were recrystallized and aged in a TVV-4
furnace in a vacuum of 6.6°107% Pa at 1600°C and soaking for 1 h, This annealing regime
fixes the maximum aging of alloys of the molybdenum—zirconium—carbon system. [4]. After heat
treatment the specimens were polished, at first mechanically and then electrolytically, The
ready specimens were bombarded in an ILU-3 accelerator with a horizontally scanning ion beam

Translated from Atomnaya énergiya, Vol. 49, No. 2, pp. 130-132, August, 1980.
Original article submitted October 29, 1979,
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Fig. 1. Electron-microscope photographs of surface of TsM-6 alloy bombarded
with 40-keV helium ions at 120°C with a dose of 2°10*® ions/ecm®: a) initial
state, b) quenched, c) aged, d) recrystallized.

normal to the surface of the target. After, the ion bombardment the surface was examined in
a Quickscan electron microscope. From the electron-microscope photographs we calculated the
erosion coefficients of the material by determining the geometric dimensions of the damaged
portions and calculating the number of atoms in them.

In analyzing the electron-microscope photographs of the surface of the bombarded spec-—
imens we noticed that heat treatment has a marked effect on the character of the damage of
the alloy and the erosion coefficients (see Fig. 1). It is seen that all materials, regard-
less of their initial treatment, were subject to radiation erosion but the character and de-
gree of the erosion depends essentially on the form of the heat treatment of the alloy prior
to bombardment. If the erosion of the original rolled alloy occurs mainly as the result of
the destruction of individual blisters (see Fig. la), then both blistering and scaling (see
Fig. 1b) or mainly scaling of one layer (see Fig. 1d) are observed in heat-treated specimens
while scaling of one layer and damaged second-generation blisters can be seen on quenched and
aged specimens (see Figs. 1b, ¢). The erosion coefficients, calculated from the electron-
microscope photographs, were (5.5 % 1.6)+107%, (7.6 + 2.3)+10%, (0.16 + 0.05), and (0.18 +
0.05) atom/ion for the initial, quenched, aged, and recrystallized states, respectively.
Therefore, the highest radiation stability under ion bombardment is possessed by the initial
strained and quenched specimens while the alloy is subject to maximum erosion in the recrys-
tallized state,

Such differences in the behavior of the molybdenum alloy under ion bombardment, depend-
ing on the heat treatment, may be due to a number of factor, First, strained and quenched
specimens of low=-carbon TsM-6 alloy have higher strength characteristics than do the recry-
stallized and aged materials, This results in a reduction in the number of blisters with
damaged caps and a decrease in the erosion of the surface. Moreover, a large number of dis-
locations and broken boundaries of grains and subgrains are formed in the original strained
material in the rolling process., The increased density of dislocations and boundaries may
be an effective sink for vacancies and helium interstitial atoms which is conducive to re-
tardation of the formation of small helium bubbles in the metal under bombardment, This
makes it difficult for bubbles in the mé&tal under bombardment. This makes it difficult for
bubbles to coalesce into gas cavities, constituting blister nuclei, and obstructs blistering,
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It is also known that a rolling texture is formed in sheet molybdenum as in other
metals with a bec lattice, with {001}<001> being the dominant texture, [4], i.e,, most of
the crystallites in the rolled alloy parallel to the surface have a plane with a {001}
orientation. The mechanical properties of molybdenum depend on the direction of the crys=
tallographic orientation, the bonds in' the [100] direction being the strongest [4]. Thus,
the rolling texture is conducive to most crystallites growing so that the strongest bonds
are perpendicular to the target surface, which also leads to an increase in the radiation
stability of the strained alloy under ion bombardment. The effect of the crystallographic
orientation of the surface of single crystals on the degree of blistering and the erosion

of the material was noted, e.g., in [2, 5], Anisotropy of the radiation erosion of grains with

various crystallographic orientation is also observed upon analysis of the microstructure of
the irradiated surface at the triple point (see Figs. 1b and ¢). It is clear that the char-
acter of the damage and erosion change significantly in the passage from one grain to an-
other, The calculated erosion coefficients are (0,31 % 0,09), (0,07 + 0,02), and (0.24 *
0.07) atom/ion for grains 1, 2, and 3, respectively (see Fig, lc).

Thus, the investigations reported in this paper show that, from the practical point of
view, in order to prepare structural elements for the discharge chamber of a thermonuclear
reactor it is advisable to use TsM-6 molybdenum alloy in the strained state (after hot roll-
ing) with the dominant texture in the {001} plane,

The authors thank A, F, Sorokin for his assistance in the electron-microscopic exam-
ination of the specimens, :
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BLISTERING OF MATERIALS UNDER CYCLICAL BOMBARDMENT WITH IONS IN A
WIDE SPECTRUM OF ANGLES OF INCIDENCE

B. A, Kalin, S. N, Korshunov, UDC 621.039,531
D. M. Skorov, and V. L. Yakhushin

- The first wall of the discharge chamber and other elements of the thermonuclear reac-
tor during operation will be subjected to intense bombardment with ions of hydrogen and
helium isotopes with a wide spectrum of angles of incidence and energies., The interaction
of the plasma with the structural materials results in their erosion and contamination of
the plasma with heavy impurities as the result of cathode sputtering and blistering. Con- .
siderable investigations are being conducted on the blistering of prospective materials for
use in such a reactor, Most of the investigations, however, have been carried out with the
targets being bombarded by monoenergetic beams at normal incidence, Only in [1] and [2] has
a study been made of blistering with a simulation of the energy spectrum of helium ions
similar to that expected in the thermonuclear reactor, The objective of the present paper
is to study blistering under cyclical bombardment of the targets in a wide spectrum of angles
of jon incidence, ranging from the normal to the surface to glancing angles,

In order to obtain a wide spectrum of angles of ion incidence, a device was built for
the collector of a mass monochromator to allow the target to be rotated at constant velocity
around an axis perpendicular to the incident ion beam (Fig, 1) during bombardment. The de-

Translated from Atomnaya énergiya, Vol, 49, No, 2, pp. 132-134, August, 1980, Original
article submitted October 29, 1979,
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Fig., 1. Device for cyclical bombardment
of specimens in wide spectrum of angles
of ion incidence.

Fig. 2, Character and parameters
of ion bombardment cycles,

R
= Xpr rel units

0L

o, deg
=
1

vice consists of a housing 4, lugs 1 and 13 with holders for specimens 9 and 11, motor 12,

a system of gears 2, 3, 5, and 6, and a system ensuring that the shaft 10 rotates uniformly
and in a given way. Through gear 2 the spring motor transmits rotation to the main shaft,
whose uniform rotation is effected through the pair of gears 5 and 6 and limiter 7 which con-
veys in inverse order the oscillations of the spiral-shaped pendulum 8., The entire mechan-
ism is mounted inside a housing attached to the rotation feed of the mass-monochromator col-
lector, thus making it possible for specimens fastened in the holders to be put under the
beam successively. :

With the targets rotating continuously the materials are bombarded in a cyclical regime
over a wide range of angles of ion incidence, thus ensuring a smooth variation of the pro-
jection of the ion mean free path R, in the target from zero to a maximum value correspond-
ing to the depth of penetration of the ions at the given energy. During the first half-
period of the cycle (T = 40 sec) the specimen mounted on one side of the rotating holder 9
is bombarded while during the second half-period the target on the other side of the holder
is bombarded, In one half-period the angle of ion incidence a (the angle between the plane
of the specimen and the incident beam) varies from 0 to 180°, Figure 2 gives a.diagram
illustrating the character and parameters of cyclical bombardment. The angular distribution
of the bombarding helium ions can be expressed as

® = @y sin a.

In our experimeng we studied the blistering of vacuum-melted MChCP molybdenum and
electron-beam~melted VEL~-2 vanadium, The materials were bombarded with 20-keV helium ions
at a dose of 2.10'® ions/cm® with the target at near room temperature. The conditions of
ion bombardment are described in greater detail in [3]. The surface of the specimens after
ion implantation was studied in an EVM~100L electron microscope with the aid of carbon rep-
licas shadow-cast with chromium. From the results of the electron-microscopic examination
we determined the parameters of the blisters and the coefficients of erosion owing to their
destruction. '
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Fig. 3. Histograms of blister distribution according to size and electron
micrographs of surface of MChVP molybdenum: a, b) stationary position of
target, ¢, d) rotating target.

The results of studies of the surface of materials bombarded with helium ions in a
stationary position (bombardment with an ion beam normal to the surface) and with rotation of
the target showed that under identical conditions of ion bombardment rotation of the targets
results in a change in the parameters of the blisters and the coefficients of radlation ero-
sion in comparison with the stationary position of the target.

Figure 3 shows typical electron micrographs of irradiated surface and histograms of
the blister distribution according to size for MChVP molybdenum after irradiation in a sta-
tionary position and with rotation of the target. As shown in Figs. 3a and c, regardless
of the fact that in both cases the shape of the blister distribution according to size is the
same with two distinct maxima, the corresponding mean sizes being d ~ 0,1-0.2 and 0,8-1,1
ym, some peculiarities are observed when rotating specimens are bombarded. First, if the
mean size of the blisters of the first peak remains practically constant, then for large
bulging blisters the mean size decreases from 1.l to 0.85 ym. Second, the density of small:
blisters decreases from 10.8°10° to 5.6°10° blisters/cm? and the density of bulging blisters
with a mean size of 0.3-1.3 um increases noticeably, thus leading to an increase in the area
of the surface occupied by blisters, from 68 to 95%. Third, in specimens bombarded with a
wide specrtum on angles of ion incidence there is no "tail" in the distribution of bulging
blisters according to size (see Fig. 3c). Thus, whereas the blister size reaches 2,6 um in
the case of a stationary target, in the case of rotating targets we observed blisters with
a maximum size of 1.6 um.

Such changes in the blister distribution according to size is probably due to the fact
that when a rotating target is bombarded the implanted gas is distributed closer to the bom—
barded surface and more symmetrically about the mean value of the projection of the ion path.
This is confirmed well by the histograms (Figs. 3a and c) as well as by the fact that the
thickness of the caps of the destroyed blisters during bombardment of materials in a wide
spectrum of angles of ion incidence decreases from 0.96-107 to 0.52+107 m and from 1.13°10~7
to 0.64-1077 m for MChVP molybdenum and VEL-2 vanadium, respectively.

589

Declassified and Approved For Release 2013/02/14 : CIA-RDP10-02196R000800040002-1




Declassified and Approved For Release 2013/02/14 : CIA-RDP10-02196R000800040002-1

In addition to changes in the blister distribution according to size and density, we
also found that when a 'rotating target is bombarded there is a decrease in the coefficient
of radiation erosion of the surface owing to the destruction of blisters. Thus, for molyb-—
denum bombarded with a dose of 2:10%® ions/cm® the area of blister caps scaled off falls from
9.3 to 3.2% and the erosion coefficient drops from 3.107% to 0.6°10"2 atom/ion. The reduc-
tion of radiation erosion is probably due to the fact that, as was demonstrated, with rota-
tion of the targets the mean blister size is reduced and the thickness of the blister caps
is almost halved. '

Thus, the investigations reported on here  have shown that bombardment .of materials in
a cyclical regime in a wide spectrum of angles of ion incidence leads to a decrease in the
surface erosion of the materials as the result of the destruction of blisters and to a change
in the blistering parameters. '
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EXPERIENCE IN THE OPERATION OF THE KOLA NUCLEAR POWER STATION AT INCREASED POWER

A. P, Volkov, B. A, Trofimov, UDC 621.039.5.56
Yu. I. Savchuk, V. V. Zverkov,
E. I. Ignatenko, and A, N, Litvinov

The first stage (two units) of the Kola nuclear power station was commissioned in
1974, Analysis of the basic parameters and conditions of operation of this station during
the operations process itself showed that some margin in plant power existed throughout the
process scheme of the station as a whole, which showedduring 1976-1977 that some experi-
mental uprating of both units would be possible. This was carried out in line with a reso-
lution of the controlling authorities.

The power of the units was uprated by stages to a level of 2-4, 6, and 7% above rated.
The first unit operated at a power of 2-47% above rated during the period October-December
1976 for 50 effective days during its second fuel charge. The unit had run for 220 effec-—
tive days prior to the commensement of the uprating. The unit had operated continuously at
rated power in its original state. The variation factor of the cassette did not exceed 1.3
under these conditions (with the regulating roup standing He¢ = 130 cm from the base of the:
reactor core). At that particular moment in the operating period, a close agreement between
the calculated variation factors in cassette power and the operating data was observed. The
variation factor of the neutron field throughout the reactor core was 1.35 at H, = 147 cm.,
When the height of the regulating group was increased, these variation factors fell to 1,27
and 1.19, respectively, wit' :he reactor operating on rated power.

With the unit operating at 1047% rated, the thermal power reached 1430 MW while the
electrical power rose to 460 MW. The power variation factor of the cassette comprised 1.32
at He = 220 cm,. This value subsequently fell away during the process of fuel burnup. The
neutron field variation factor with respect to height within the core was 1.23 at He = 184
cm and with a boric acid concentration of 0.3 g/kg in the coolant. The temperature rise
of the coolant in the reactor core did not exceed 29.8°C, the temperature at entrance to the
reactor was 266-267°C and 295-296°C at exit. The maximum temperature of the coolant at exit
from the most highly stressed cassette did not exceed 304°C.

Translated from Atomynaya énergiya, Vol. 49, No. 2, pp. 134—135, August, 1980.
Original article submitted November 12, 1979.
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The flow rate of feed water and steam in the steam generators was 2800 tons/h (105%
of rated). This was not limited by the flow characteristic of the secondary coolant circuit.
The main regulators of the unit functioned satisfactorily at the increased load, the auto-
matic power regulator (ARM-4) the primary circuit pressure regulator, the steam generator
feed regulators, the steam generator level regulators, the high and low pressure superheaters
and 0,6 MPa degerators, Heat runs were carried out on the main generators No., 1 and 2 while
the unit was operating on increased power. The active load on the generators was 455 MW,
The results of the test show that all the parameters lie within permissible limits.

From Jan, 15 to July 2, 1977, the second unit of the Kola nuclear power station oper-
ated at 1067 rated power. Prior to this, the unit had been run for 83 effective days from
the start of the fuel cycle, while directly prior to the uprating it had operated for 1 month
at full rated power. The maximum coolant temperature at the outlet from the cassette when
running at full rated power level was 301°C (coordinate 17-32), the maximum variation factor
in cassette power was 1.28, while the maximum variation factor in neutron field throughout
the height of the core was 1.25., Before the unit was uprated, the results of measurements of
the most important parameters, which could prevent the increase in power from taking place,
were analyzed., It was observed that the minimum flow rate of coclant through the cassettes
exceeded the minimum value by 6=7% and did not appear to be a limiting factor. Separation
tests in the steam generator showed there to be a margin in steam moisture content, which
would allow of an increase of not less than 10% in load. During the tests and the analysis
of the rating data, it was established that turbine type K-220-44, generator type TVV-220-2A,
and transformer type TDTsG-250000-330 could operate at powers that were 10% greater than
their rated levels,

The reactor achieved a level of 1460 MW while the unit was operating at 1067 of rated
thermal power, and the electrical side developed 470 MW, the mean coolant temperature was
280-281°C under these conditions, the inlet temperature being 265-266°C and the outlet temp-—
erature being 295-296°C. The temperature rise in the coolant in the core did not exceed
30°C., The temperature setting at the output of the cassette corresponded to 100% power, and
these settings never once operated during the time the reactor was running at 1067 load.

This is clear evidence of the margins that exist in coolant temperature rise in the cassettes.
The maximum temperature at the outlet from the cassette did not exceed 304°C. The maximum
variation factor was 1.30 during the initial period, it then fell to 1.27 at Hs = 200 cm.

The maximum variation factor in the neutron field throughout the height of the reactor core

was practically constant during operation at the increased power level, and constituted 1.20-
1.25.

The activity of the primary-circuit coolant was one-thirtieth of the permissible level
when the reactor was operating at 106% load. Emissions of radioactive gases in the ventila-
tion stacks were 1/400th of the lower permissible level. The radiation situation on the
power station corresponded to the radiation safety standards and did not differ significantly
form the radiation field that existed when the unit was operating at rated load. During
measurements of the vibration on the main plant, it was observed that the levels on this plant
(turbogenerators, feed pumps, and condensate and drainage pumps) were within their permitted
limits and practically the same as when the unit was running at rated load.

The flow rates of feed water and steam from the steam generator did not exceed 2800
tons/h. When the total thermal load was uprated to 1067, the thermal load on an individual
steam generator on maximum load was 109% (250 MW)., The flow rate of the steam from the
individual steam generators was 490 tons/h. The opening of the regulators feeding the steam
generators represented 45-507% of the fully open state of the valve. The opening of the con-
densate regulator in the separator of the steam generator did not exceed 78%. After the
power was uprated to 106%, heat runs were carried out over a 24 h period on the main plant of
the turbine and generator houses, which consisted in determining an extended number of the
unit parameters. The tests showed that all the parameters of the main plant were within the
permitted limits,

It proved possible to determine certain statistical data for analyzing fault situations
at increased loads during the adequate time that the units operated at increased power. A
turbogenerator (TG-4) was twice tripped out by the automatic control system at a load of
460 MW and the first-generation fault protection on the reactor operated twice when the turbo-
generator tripped out,- Under these circumstances, the pressure safety equipment (BRU-K)
operated successfully, reducing the pressure in the main steam manifold from 5.1 to 4,4 MPa,
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at this point, the ARM-4 system reduced the thermal power of the reactor to the necessary
level. In May 1977 the second unit was tripped by the unit circuit breakers. The turbo-
generators were unloaded by means of the automatic control systems to a power level of 15-20
MW, the pressure safety equipment operated, the primary load on the reactor being maintained
by the ARM-4 (50% of the original load), but the ARM-4 was then tripped out and further load
shedding was carried out manually.

Consequently, a fault reduction in the load from the increased level has been success-
fully carried out. The main parameters are maintained automatically and the unit protection
systems remain within permitted bounds.

Between June 4 and Aug, 1, 1978, the second unit at the Kola nuclear power station
operated at increased power (up to 106%)., The unit had been running for 236.1 effective
days from the start of the fuel cycle prior to this. The maximum temperature of the coolant
at the outlet of the cassette was 303°C (coordinate 20-41). The maximum variation factor in
cassette power did not exceed 1.27, while the maximum variation factor in the neutron field
" throughout the height of the core was 1,18. The electrical load was maintained at 475 MW
during the time that the unit was operating on increased power. The mean coolant temperature
at this power level was 278°C, the temperature at the inlet being 263°C, while that of the
outlet was 293°C, The temperature rise of the coolant in the core did not exceed 20. 8°cC.
The flow rate of water and steam in the steam generators was 2870 tons/h. '

From Dec. 1, 1978, both units at the Kola power station operated at a load of 107%
rated. The thermal power of the reactors constituted 1470 MW, while the electrical power
was 470 MW. The temperature settings at the outlet of the cassette corresponded to 100%
power on both units and these were not exceeded during the time theunits were running at 1077
of rated power. The mean temperature of the coolant at this power level was 282°C (first
unit) and 283-284°C (second unit), the temperatures at the inlet to the reactor being 267~
269°C on both the first and second units. The temperature rise of the coolant in the re-
actor core was 31.5°C in the first unit and 30.7°C in the second unit. The maximum. temp-
erature of the coolant at the outlet of the cassette did not exceed 306°C (first unit) and
305°C (second unlt) The maximum variation factor in cassette power did not exceed 1.26 for
the first unit and 1.27 for the second unit, which were in close agreement with calculated
data. The variation factor in the neutron field throughout the height of the core comprised
1.2 (first unit) and 1.22 (second unit). The activity of the coolant in the primary circuit
was one hundredth of the permitted level during the time the sets were running at increased
power.

~
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COLORIMETRIC y-RAY DOSIMETER

I. Kh. Abdukadyrova UDC 535.342:666.1

Work has recently been undertaken to perfect dosimeters based on glass which has a
varying transparency or luminescence [1-3]. Their disadvantages are substantial fading, the
influence of impurities and the dose rate, complexity, and the limited measuring range. The
aim of the present paper is to make a detailed study of the dosimetric characteristics of
KI quartz glasses under irradiation with °°Coy rays with doses of 10“-10° rad (1 rad - 0.01
g-R).

Absorption spectra have been measured in the wavelength region from 200 to 700 nm and
changes in them under irradiation have been studied. It is known [3] that irradiated spec-
imens exhibit a number of additional bands, among which a wide band with a maximum at 540 nm
in the visible region is of particular interest.

The relative change in the optical density at the band maximum for various specimens
with an increase in dose is shown in Fig. 1. It is seen that dependence obtained is almost
linear within the limits under consideration (10“-10° rad). The character of the curves
testifies to a monotonic increase in the rate of color-center accumulation with the growth of
the specimen thickness from 0.7 to 10 mm, which makes it possible to vary the sensitivity of
the system. According to the calculated values of the relative change in the optical density
for a dosimeter, the optimal thickness in the region under study is 2-3 mm,

One of the main parameters of the dosimeter is its stability under storage. Quartz
glasses irradiated with a dose of 2.10” rad were held at room temperature for various lengths
of time and were then measured in a spectrophotometer. The data obtained are listed in
Table 1 from which it follows that after storage for almost 2000 h in the dark the glass
discolor. The good stability of the induced color allows the optical density to be measured
repeatedly under various holding conditions.

The influence of the irradiation conditions was traced in plates with a thickness of
a millimeter for a dose rate varied from 80 to 4000 R/sec (1 R = 2.58+10""% C/kg). Measure-
ments of the intensity of the source did not reveal any noticeable influence on the readings
of the system.

The dependence of the intensity of the color on the temperature was studied in the
range from 30 to 200°C., It was established (Fig. 2) that within the limits studied the
transformation rate is practically independent of the temperature in the irradiation zone.
Such a property is very valuable for a dosimeter since it makes the instrument suitable for
use at elevated temperatures.

Specimens were heated stepby step,with a holding time of 0.25 h at each value of the
temperature, The temperature in the furnace was varied from 20 to 500°C (see Fig. 2). The
high color stability in the first stage (up to 250°C) must be pointed out. The stage of
effective annealing occupies the region from 350 to 480°C, i.e., the induced color of the
glass can be "removed" by heating above 400-500°C,

From the slope of the temperature dependence of the color-center destruction we esti-
mated the activation energy of the process. According to preliminary results, this energy
is equal to ~0.6 eV in the segment of intense discoloration. This, as well as the kinetic
laws of coloration, apparently indicate that a radiation-induced center is due to a struc-
ture defect interconnected with an impurity ion.

After thermal annealing the previously irradiated glass was once again subjected to
irradiation with one particular dose or to step-by-step accumulation of the limiting dose
(Table 2). Repeated experiments according to a scheme of irradiation and color annealing

Translated from Atomnaya ﬁnergiya, Vol. 49, No. 2, pp. 135-136, August, 1980,
Original article submitted November 28, 1979,
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Fig. 1. Dependence of relative change in optical density of KI quartz glass
on y-ray dose at wavelength of 540 nm and initial specimen thickness of 0.7

(®, 1 (0), and 3 () mm,

Fig. 2. Annealing of color centers at various temperatures of irradiating
apparatus (O) and furnace (@). Radiation dose 16° rad, thickness 1 mm.

TABLE 1. Discoloration of Glass Irradiated with Dose of 2107 rad at Room

Temperature®
' Time after irradiation, h
Specimen Mean
thickness, 0,5 i 2 a 12 24 65 1900
mm .
1,0 0,45 C0,46 0,45 0,43 0,45 0,45 0,45 0,45 0,449
0,7 0,30 0,28 0,30 0,29 0,29 0,30 0,30 0,29 0,294
3,0 1,92 1,94 1,92 1,92 1,94 1,93 1,90 1,7 1,923

*#The optical density was measured at a wavelength of 540 nm.

TABLE 2, Dependence of Optical Density of
Glass 0.7 mm Thick on Specimen Prehistory

Irradiation dose, rad
State of specimen -
106 107 G-107 108
Initial 0,20 0,29 0,34 0,36
After 1st an~ 0,21 0,28 0.35 0,37
neal
After 2nd an- 0,20 0,30 0,35 0,37
neal
After 3rd an~ 0,18 0,28 0,31 0,39
neal
Mean 0,198 0,288 0,335 0,373
Ertor, % 1,00 | 0,69 2,98 0,54

showed convincingly that short heat treatment completely destroys the induced color centers
and makes the system ready once again to accept the next bit of information. The sensitivity
of the specimen to Yy rays after annealing practically does not change and the relative error
in this case does not exceed 37%. '

Thus, comprehensive studies of various characteristics of KI quartz glass show that it
satisfies most of the requirements made of absorption dosimeters and can be recommended for
testing in the range of intermediate and high doses of y rays (10“-10® rad). In comparison
with other systems, this glass has the advantage that while it is colorless at first, under
irradiation it acquires a lilac color whose optical density increases with the dose, this
makes it possible to carry out semiquantitative visual dosimetry.
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EFFECT OF HEAT-CONDUCTING PROPERTIES OF SPACERS ON CURRENT—VOLTAGE
CHARACTERISTICS AND TEMPERATURE FIELDS OF THERMIONIC FUEL CELLS

N. M. Rozhkova and V. V. Sinyavskii _ UDC 621.362

The required interelectrode gap in thermionic electricity-generating cells (EGC) is
ensured with a special system of spacers, specifically, in the form of belts of microspacers
between the emitter and collector at the edges of the EGC [1].

The appearance of local heat transfer from the emitter to the collector as the result
of heat conduction through the material of the spacers leads to a decrease in the temper-
ature and electric fields of the EGC with deterioration of the output energy characteristics.
A similar change in the characteristics was also observed in the course of testing of multi-
ple-element assemblies [2].

In the present paper, using numerical experiments on a mathematical model of an EGE,
we study the influence of the heat-conducting properties of the spacing system on the cur-.
rent—oltage (I-V) characteristics and temperature fields of EGC. The EGC model was an im-
provement on the model described earlier [3, 4] by the introduction of a differential equa-
tion for the heat conduction of the collector and terms taking account of heat conduction
through the spacers. Moreover, in order to improve the agreement of the numerical solution
of the system of differential equations and to increase the accuracy, the Newton method [3,
4] was replaced by the difference factorization method.

In the mathematical model the discrete spacers were replaced by a continuous belts of
spacers of height h = lg with an effective thermal conductivity coefficient of A% =~ Agné"
2n1r, where Ag is the thermal conductivity coefficient of the spacer material, n “is the
number of spacers in contact with the emitter, §_, is the width of the zone of contact ("in-
dented" from thespacer into the body of the emitter), and T = (rg + r.)/2 is the mean radius
of the belt of spacer. Thus Xg = (0,002 W/ cmedeg corresponds to 8¢ = 0,2 mm. Such a value
was observed in post-reactor studies of a six-element assembly which had operated in.a re-
actor for 2670 h [2]. In view of the fact that the total emitter surface in contact with
the spacers is small, in our calculations we took no account of the decrease in the emitting
area of the emitter.

For the main object of study we chose an EGC with a tungsten emitter of diameter 2rgp =
1 cm, length g = 3 cm, and spacer system [l] with Zg = 0.3 cm., Our investigation showed
that the static I-V curves (at constant thermal power g, = const) depend on Ag*, i.e., on
the degree of contact of spacers with emitter surface. The deterioration of the I-V curves
as A*g increases is due, first, to thermal losses through the spacers reducing the thermal
power which can be converted into electrical energy (deterioration of the I-V curve equiv-
alent to some reduction of the thermal power) and, second, to the lowering of the emitter
temperature TE in the vicinity of the contact with the spacers, which reduces the density
of the electrical power generated by these segments (deterioration of the I-V curve equiv-
alent to some reduction of Ig).

The reduction of the power W and efficiency n of the EGC withan increase in ng has
a tendency to reach saturation for two reasons: first, the thermal losses Qg ™ A%*g {Tﬁ(k*) —
T@(A*g)} are not directly proportional to A*g since with the growth of A*g uniformly in the

’
Translated from Atomnaya Energiya, Vol. 49, No. 2, pp. 137-139, August, 1980.
Original article submitted December 11, 1979.
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Fig. 1. Variation of static I~V curves of
EGC for Jy = 400 W/cm® ( ) and isother-
mal I-V curves of EGC for Tg max = 2100°K

(- - ~) as effective Agi increases: 1) 0;
2) 0.,001; 3) 0.002; 4)°0.005; and 5) 0.01
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vicinity of a contact reduces the emitter—collector temperature difference Té(xg)*—
Tﬁ(Xg) and, second, from some»Ag because of a lowering of TE segments in the vicinity
of spacers practically cease to generate current (j =~ j). A further reduction

of W will occur only as a result of the expansion of the zone of influence of the .spacers.
The relative reduction in W and n is almost independent of the operating voltage of the EGC
but depends slightly on the emission characteristics of thermionic fuel elements, j(v, Tg,
T.). -

The itothermal I-V curves Tg = const also deteriorate as \* increases, although their
change is less pronounced than that of static I—V characteristic§ (Fig. 1). This is due to
the change in the emitter temperature field Tg(z); for short EGC the effect of the thermal
losses through the spacers extends over the entire length of the emitter and with the growth
of A% there is a lowering of TE,max as well as TE while the nonisothermal character of the
emitfer (TE,max — TE) grows, With the spacers situated on either side at the edges of the
EGC instead of a flat curve with a "steep drop" to the end from the side of the commutation
connector the distribution Tg(z) becomes bell-shaped (Fig. 2). With an increase in the
emitter length Ip the influence of X% on the temperature field of the central part of the EGC
decreases and with Ip = 6 cm the influence of the spacers no longer extends over the entire
length of the emitter; however, the lowering of Tg and the rise in T, in the zone of contact. -
with spacers remains the same for any lg. As a result, with an increase in lp the influence
of A\§ on the power and the efficiency of the EGC diminishes. Figure 3 shows the plot of the
relative EGC electrical power W = W(Ag)/w(xg = Q) for various EGC lengths,

As Tg(z) changes so does the current-density distribution j(z) with a concomitant re-
duction of W. The absolute level of the thermal power-&v—exerts an appreciable effect on
the relative reduction in W(A*) (Fig. 4). When A*s = const and the other parameters are
constant, the relative decrease in W diminishes as qy grows. This is due to the fact that .
with :an increase in Qy and electronic cooling of the emitter, the relative fraction of
losses through the spacers to the total thermal balance of the emitter diminishes. Accord-

‘ingly, particular care should be taken in developing the spacer system in thermionic assem-
blies with a low electrical power density in which the influence of Ag is very pronounced
owing to the low values of qy.
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In studying how the form of the distribution function of the density of the thermal
flux from the heat-releasing core affects the emitter sheath, including the change in the
relative amount of heat delivered to the end parts of the sheath, we found that the influence
of spacers on the character and absolute values of the characterlstlcs studied remained un-
changed.

Particular attention should be paid to the influence of the thermal conductivity co-
efficient \g of the material of the emitter sheath or to be more exact, the product AESEs
where 8§ is the thickness of the emitter sheath. With an increase in g the static I-V
characteristics at qy = const deterioriate because of the expansion of the zone of influence
of local sinks for heat from the emitter (through the commutation connector and the spacer),
as a result of which the overall level of Tg(z) is lowered, including the central part of
the emitter. At the same time an increase in observed in the emitter temperature TE in the
region of spacers because of the increase in the supply of heat from the central part of the
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emitter which finally increase the total heat loss Q, and worsens the energy characteristics
of the EGC. However, a decrease in Ag (or a thinning of the emitter sheath) leads heightens
the nonisothermality of the emitter which, in a number of cases, may prove to be dangerous

or undesirable. The influence of the thermal conductivity coefficient of the collector
material is insignficant. The results of our investigations indicate the necessity of taking
account of the local character of the effect of spacers on the characteristics of thermionic
fuel cells, especially at low electrical power densities,
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ALLOWANCE FOR INDUCED ACTIVITY OF STRUCTURAL MATERIALS OF BOREHOLE
NEUTRON GENERATORS TO ENSURE RADIATION SAFETY

D. F. Bespalov, A. A. Dyluk, and Yu. V. Seredin UDC 621.039.58'68

In work on starting, adjusting, and repairing borehole neutron generators (BNG) used
for pulsed neutron well logging, a serious factor of radiation danger to the personnel be-
sides the intense (107-10° neutrons/sec) pulsed fluxes of 14-MeV neutrons [1, 2] is posed
by the induced activity of the sturctural materials of the generators (especially their pro-
tective casings). Insufficient provision for this factor can result in excessive irradi-
ation of persomnnel engaged in various work on the generator right after shut—down.

With a view to making a quantitative estimation of the y-ray dose due to the induced
activity of the structural materials of the BNG, theoretical and experimental investigations
were conducted on the spectra and dynamics of the variation in the dose of y rays from the
induced activity of the BNG. It was established that the main contribution to the dose rate
comes from the yrays emitted by the steel protectlve casings of the BNG as the result of the
reaction ®°Fe(n, p)*°Mn [3, 4]. :

The dose rate at a given point in space around the generator is defined as the sum of
the dose rates from the individual segments of the protective casing of the BNG with quasi-
uniform distribution of induced activity [5)]. In order to identify such segments, studies
were made of the activation of cylindrical specimens of the material of the protective cas-
ings of BNG with various forms of target in the neutron tube and the axial and radial dis-
tribution of the induced activity in the BNG protective casings was studied [6].

Translated from Atomnaya Energlya, Vol. 49, No. 2, pp. 139-140, August, 1980.
Orlglnal article submitted December 24, 1979.

598 0038-531X/80/4902-0598507.50 © 1981 Plenum Publishing Corporation

Declassified and Approved For Release 2013/02/14 : CIA-RDP10-02196R000800040002-1




Declassified and Approved For Release 2013/02/14 : CIA-RDP10-02196R000800040002-1
107

10

Py, mR /h

7078
0 20 40 60 80 100 y, cm

Fig. 1. Speatial distribution of y-ray dose
rate P, corresponding to saturation activity
of steel protective casing of BNG of Gerakl-
1M type: x, y) axial and radial coordinates
of point of observatiom, 1) x = 0, 2) 10, 3)
20, 4) 30, 5) 40, and 6) 50 cm, neutron yield
10° neutrons/sec (the hatching indicates the
overall dimensions of the borehold instrument),

Some formulas were derived for describing the y~ray dose rate due to the induced activ-
ity of the BNG protective casings, with allowance for their material and dimensions, as well
as the neutron yield and the transient operating conditions. The analytic expression for
the exposure dose rate P,, corresponding to the saturation activity, at a point in space

lying on a normal to the BNG axis and passing through the center of the target is in the
following form: . _ :

1.35- 1083 K, G G\, (G2 Gay . El, J
Py -+ Hoff —[(Tl“Tz)r((Pu o) + (][2 T, ) F (gq, o)+ ]IBF((P:N ) |, D)

where ¢ is the yield of 14-MeV neutrons (neutrons/sec), I, macroscopic cross section for the
activation of the material of the BNG protective casing with 14-MeV neutrons (cm~1), KYi’ Y
dose-rate constant of the induced activity (Recm®/hemCi, 1 R= 2.58-10-“ Ci/kg,1 Ci = 3.700«
10%° disintegrations/sec), y, distance from the center of the BNG target to the point of
observation (ecm), Roeg, effective radius of the BNG protective casing (cm) (equal to the
radius of an infinite cylinder of the same activity producing at the point of observation
the same dose rate as the real protective casing), G,~G,, geometric factors of the activa-
tion of segments 1-3 of the protective casing (reckoned from the activity) (cm), Hy-Hg,
lengths of the protective casing with quasiuniform distribution of activity (cm), and F(¢, a)
an elliptic interval of the first kind, where '

V yReff i,
o= arctg T/T"eff s pprarclg ¥ — Boff H
cavog Lot e I T I
(g =arctg y— Repr - T3 aretg T y—Reff

The results of measruements and calculations of the dose rate at various distances
from the surface of the protective casing of a switched-off BNG of the Gerakl-1M type [1]

after operation at various neutron fluxes for different intervals of time {3, 4] showed satis~-
factory agreement. Thus, the dose rate measured by an SRP-2 radiometer at a distance of 35
cm from the axis of the BNG after the generator had operated continuously with an average
yield of 2.8+10° neutrons/sec was 170 uR/h with the elapse of 34 min after shut-down of the
BNG.
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Fig. 2. Nomogram for determining correc-
tions for activation time of BNG steel

dggo = protective casing, the holding time, and

] K the working time of the personnel.

%ia, %, rel units

1077

TABLE 1. Relative Excess of y-Ray Dose
Rate from Induced Saturation Activity of
Structural Materials of BNG of Gerakl-1M
Type Over and Above Regulation Value '

. (2.8 mR/h)
X, cIn

¥y, crm ] 10 20 30 Al 0]

6,5 17,40 { 8,54 3,16 1,09 0,618 | 0,294
10 7,% | 4,80 2,16 | 1,00 0,502 | 0,292
20 2,00 ] 1,08 1,106 0,75 | 0,443 | 0,280
4() 0,925 1,439 | 0,425 | 0,396 0,268 (), 204
50 0,343 0,326 | 0,2 | 0,262 | 0,200 | 01472

The calculated dose rate for these conditions, obtained from Eq. (1), was 155 WR/h. The

discrepancy between the calculated and experimental values did not go beyond the limits due
to the experimental error.

~

The analytic expression obtained for the exposure dose rate of y rays due to the in-
duced activity of the structural materials of the Gerakl-1M type of BNG was used to con=
struct nomograms (Fig. 1, 2) which permit effective estimation of the dose under various
operating conditions of the apparatus and the personnel by means of the expression

D— Poxq,xtaulhu,w, , . (2)
where Py is the dose rate corresponding to the induced activity and the nominal neutron flux
(determined from Fig.. 1), %y, correction for the real value of the neutron flux of the BNG
during operation as found fromw® _=%/¢,,n, Ny > correction for the real activation time of
the structural materials of the BNG; i.e., for? the time of continuous operation of the BNG
(found from Fig. 2), %y, correction for the nolding time after shut-down of the BNG, after
which time the operating personnel appears in the zone affected by the yrays from the induced
activity of the NBG, calculated from %, = exp (—ﬂth) (determined from Fig. 2), andny,,
correction for the working time of the personnel in the zone affected by the y rays from the
induced activity of the BNG, calculated fromne, = [1 — exp (Atw)]/A.

The excessive level of the y-ray dose rate due to the induced activity of the BNG as
found from the nomograms (see Table 1) attests to the necessity of taking this factor of ra-
diation hazard into account when conducting start-up and ajustment, experimental, and other
work with BNG during which the personnel may be near the BNG shortly after shut-down.

Existing health regulations [8] do not contain provisions concerning the length of time
a generator must be kept after shut-down, sothat its induced activity drops to a level which
is safe for the - operating personnel. The data presented here make it possible to establish

the numerical values of these periods and to safely conduct repair and maintenance and other
work with BNG after their shutdowm. '
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